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FORWARD 


The  signing  of  the  Montreal  Protocol  in  1987  and  the  Kyoto  Protocol  in  1997  by 
various  nations  serves  as  a  reminder  once  again  of  the  intimate  relationship  between 
eneigy  and  environment,  which  will  no  doubt  remain  one  of  the  major  issues  in  the 
21st  Century.  This  is  particularly  so  in  Southeast  Asia,  where  industrial  growth  has 
taken  place  at  such  a  rapid  pace  during  the  last  two  decades.  At  the  same  time, 
research  in  energy  engineering  is  accelerating  in  this  part  of  the  world.  At  the  Hong 
Kong  University  of  Science  and  Technology  (HKUST),  the  Center  for  Energy  and 
Thermal  Systems  (CETS)  was  recently  established  for  the  research  and  development 
of  energy  efficient  and  environmentally  benign  thermal  systems.  Thus,  it  is  a 
privilege  for  CETS  to  be  able  to  host  the  Symposium  on  Energy  Engineering  in  the 
21st  Century  (SEE2000)  on  the  HKUST  campus  between  9-13  January  2000,  the 
first  international  energy  engineering  conference  ever  held  in  Hong  Kong. 

The  aim  of  this  Symposium  is  to  provide  a  forum  for  technical  interchange  in  various 
a.spects  of  energy  engineering.  The  226  papers  (including  11  keynote  papers) 
pre.sented  in  the  25  technical  sessions  of  the  Symposium  are  published  in  this 
proceedings  which  contains  4  volumes,  covering  a  variety  of  topics  from  heat  and 
mass  transfer,  various  energy  and  thermal  systems,  to  clean  combustion  technology. 

It  has  been  a  great  pleasure  for  me  to  work  with  Symposium  Co-Chairmen  Professor 
Kefa  Cen  of  the  Zhejiang  University  and  Professor  Patrick  Takahashi  of  the 
University  of  Hawaii  in  the  planning  of  this  Symposium.  I  would  like  to  express  my 
sincere  thanks  to  keynote  speakers  for  their  efforts  in  writing  up-to-date  review 
papeis,  to  members  of  the  International  Advisory  Committee  and  the  Organizing 
Committee  for  their  enthusiasm  in  promoting  the  Symposium,  and  to  members  of  the 
Local  Committee  for  their  hard  work  in  reviewing  the  manuscripts.  Special  thanks 
are  due  to  Dr.  H.  H.  Qiu  (the  Symposium  Secretariat)  and  Ms.  Lotta  Tse  for  their 
help  in  making  conference  arrangements,  as  well  as  to  Ms.  Elbe  Ho,  Ms.  Ronnie  Tse 
and  other  clerical  staff  for  their  help  in  the  typing  of  the  manuscripts  and  for  the 
preparation  of  the  proceedings.  The  generous  financial  support  from  the  K.  C.  Wong 
Education  Eoundation,  U.S.  Air  Force  Asian  Office  of  Aerospace  Research  and 
Development,  U.S.  Army  Research  Office  -  Far  East,  U.S.  Office  of  Naval  Research 
-  Asia,  and  the  International  Technic  HVAC  Company  are  gratefully  acknowledged. 


Ping  Cheng 
Symposium  Chair 


Hong  Kong 
January  2000 
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CHENG  CYCLE  COGENERATION 

FOR  A  SIGNIFICANTLY  VARYING  DEMAND  OF  HEAT  AND  POWER 
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ABSTRACT.  To  supply  the  campus  site  of  the  Technische  Universitat  Munchen  at  Garching  with  a 
significantly  varying  demand  of  heat  and  power  a  Cheng  Cycle  gas  turbine  cogeneration  plant  was  installed.  By 
injecting  steam,  produced  by  the  heat  recovered  from  the  exhaust  gases  of  the  gas  turbine,  the  electricity  output 
can  be  increased  by  50  %  from  4  to  6  MWe  within  2  minutes.  To  make  full  use  of  this  flexibility  an  online  load 
control  system  is  essential.  The  combination  of  offline  optimization  by  MILP-calculations  and  conversion  with  a 
neural  controler  during  operation  has  proven  as  a  simple  but  effective  way  to  realize  such  a  system. 

1.  INTRODUCTION 

Combined  production  of  heat  and  power  allows  to  efficiently  use  fuels  and  to  thereby  reduce  the  burdens  put  on 
the  environmental  system.  Fuel  utilization  factors  of  up  to  90  %  can  be  realized  by  combined  heat  and  power 
plants  (CHP).  ^ 

In  most  applications  the  demand  of  heat  is  not  simultamous  with  the  demand  of  eletric  power;  the  heat  to  power 
ratio  will  vary  significantly.  A  boundary  condition  that  also  has  to  be  kept  in  mind  is  that,  in  Germany  the  costs 
for  electncity  are  not  exclusively  based  on  the  amount  of  electricity.  They  also  depend  on  the  peak  power,  which 
the  utility  company  has  to  make  available  within  a  period  of  time  specified  in  the  contract. 

A  campus  of  university  and  research  institutes  is  an  excellent  example  for  a  consumer  with  a  significantly 
varying  demand  of  electricity  and  significant  short-term  power  peaks.  This  is  caused  by  connecting  and 
disconnecting  powerful  test  facilities  and  machinery. 

These  boundary  conditions  cause  problems  to  efficiently  and  cost-effectively  supply  heat  and  power. 

Due  to  these  boundary  conditions,  common  CHP  plants  (e.g.  engine-based  CHP,  gas  turbine  with  heat  recovery 
steam  generator)  are  not  well  suited  to  efficiently  supply  a  significantly  varying  demand  of  heat  and  power.  The 
situation  asks  for  a  plant  allowing  flexible,  almost  non-interdependent  production  of  heat  and  power.  This  means 
that,  m  case  of  demand,  more  electric  power  can  be  made  available,  possibly  by  reducing  the  production  of  heat. 

To  supply  the  campus  site  of  the  Technische  Universitat  Munchen  at  Garching  with  electricity  and  heat,  a  new 
gasturbine  cogeneration  plant,  based  on  the  Cheng  Cycle,  has  been  installed. 

2.  THE  CHENG  CYCLE 

Hexible  production  of  heat  and  power  can  be  realized  with  a  Cheng  Cycle.  Steam  produced  by  heat  recovered 
from  the  flue  gas  of  the  gas  turbine  can  either  be  used  for  supplying  heat  or  be  directly  injected  into  the 
combustion  chamber  of  the  gas  turbine  (Fig.  1).  In  this  case  the  expansion  of  the  enhanced  mass  flow  leads  to  an 
iiKreased  power  output.  The  recovery  of  heat  from  the  flue  gas  of  the  gas  turbine  ameliorates  the  electric 
efficiency.  As  part  of  the  flue  gas,  the  injected  steam  is  emitted  into  the  environment,  the  corrsponding  amount 
needs  to  be  replaced  by  feed  water. 

The  flexibility  of  a  Cheng  Cycle  can  be  displayed  with  the  help  of  a  performance  graph  (Fig.  1).  Line  (l)-(2) 
resembles  the  operation  of  a  simple  gas  turbine,  with  (2)  showing  the  100  %  load  point.  The  injection  of  steam 
into  the  combustion  chamber  reduces  the  output  of  heat,  while  enhancing  the  electric  power  along  line  (2)-(3). 
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electric  output  [MW.] 


steam  injection 


Fig.  1:  Characteristic  of  Cheng  Cycle  Series  7 

Tf  the  demand  of  heat  exceeds  the  output  associated  with  the  100  %  load  point  (2),  the  supply  can  be  realized  by 
upptaX  “te  to  steaM  generaBr,  The  oxygen  content  in  Ute  flne  gas  ^ 
allws  to  Sbust  Additional  fuel,  so  that  point  (4)  can  be  reached.  The  electnc  power  ^ 

marked  by  point  (5)  can  be  reached  by  maximum  injection  of  steam  plus  maximum  additmnal  y 

opelSigAt  part  iLd,  in  connection  with  supplementary  firing,  any  point  displayed  in  the 
Aan  be  releTlhe  plant  built  at  the  Garching  research  campus  of  the  Techmsche  Umversitat  Munchen  is 

shown  in  Fig.  2. 


Fig.  2:  Sketch  of  plant,  characteristic  values 
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3.  OPERATION  OF  A  CHENG  CYCLE  PLANT 


Compared  to  a  simple  gas  turbine  plant  with  a  heat  recovery  steam  generator,  economic  advantages  of  a  Cheng 
Cycle  result  from  two  factors: 

a  higher  number  of  full  load  operating  hours  per  year,  since  the  plant  can  be  run  at  high  load  at  times  of  a 
low  demand  of  heat,  but  a  high  demand  of  electricity. 

reduction  of  peak  power  expenses  by  using  the  50%  increase  in  electric  power,  which  can  be  achieved  by 
the  injection  of  steam  into  the  gas  turbine. 

Combined  heat  and  power  plants  can  be  operated  based  on  the  demand  of  heat  or  the  demand  of  electricity. 
Heat-oriented  operation  leads  to  questions  concerning  the  price  of  the  electricity,  that  has  to  be  purchased  in 
times  of  low  demand  of  heat.  During  high  tariff  periods  point  A  in  Fig  3  will  be  the  operation  point  of  choice, 
during  low  tariff  periods,  however,  point  B  may  be  preferable.  Electricity  oriented  operation  aims  at  reducing 
peaks  of  electricity  purchase  by  increasing  the  plant’s  power  production.  Therefore  the  heat  must  partly  be 
supplied  by  supplementary  firing. 


Cheng-Cycle  electric  output 
imported  power 


point  of  operation 


4  6 

thermal  output  [MW] 


thermal  load 


Fig.  3:  modes  of  operation  for  different  thermal  loads 
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A  precondition  for  cost-optimized  operation  of  a  CHP  plant  at  the  Garching  campus  is  a  characteristic  allowing 
quick  responses  of  power  output  to  load  changes,  because  it  is  necessary  to  reduce  peaks  of  power  purchase 
within  the  15-minute  period  fixed  in  the  contract.  Fig.  4  shows  measurements  of  plant  conditions  upon  load 
changes.  An  increase  in  electric  power  can  be  realized  with  a  transient  of  1  MW/min.  This  means  that  the 
electric  power  can  be  raised  from  4  to  6  MW,  within  2  minutes.  The  slower  increase  of  heat  output  upon 
reducing  the  injection  of  steam  is  result  of  the  sluggishness  of  the  heating  system.  However,  this  has  no  influence 
on  economic  considerations. 


power  increase  power  decrease 


I- 


Fig.  4:  Load  alternation  ability  of  a  Cheng  Cycle 

4.  PROCESS  CALCULATION  AND  ONLINE  CONTROL 

For  the  calculation  and  optimization  of  power  plants  MILP-models  (mixed  integer  linear  programming  models) 
are  often  used.  The  associated  costs  are  used  as  linear  parameters.  The  non-linear  boundary  conditions  can  be 
linearized  in  sections.  During  the  planning  phase  of  cogeneration  power  plants  only  optimization  calculations 
allow  to  compare  the  economic  advantages  of  different  concepts  (flexible  or  rigid  coupling,  use  of  storage 
device,  etc).  Otherwise  the  specific  potential  of  each  set-up  would  not  be  taken  into  account. 

MILP-models  have  been  developed  and  used  for  different  scenarios  to  compare  the  economic  advantage  of  a 
flexible  Cheng  Cycle  against  a  simple  gas  turbine  cycle.  These  models  were  based  on  linearized  equations  for 
the  whole  area  of  fuel  consumption  over  the  whole  operation. 

The  advantage  of  a  flexible  cogeneration  plant  depends  strongly  on  the  thermal  and  electric  load  patterns.  Fig.5 
shows  the  reference  load  patterns  used  for  the  optimization  calculations.  It  is  a  combination  of  a  typical  working 
day  in  summer,  a  typical  working  day  in  winter  and  halves  of  weekend  days  in  summer  and  winter.  The  thermal 
power  needed  at  the  campus  site  in  winter  times  is  much  higher  than  the  maximum  thermal  output  from  the  gas 
turbine.  Therefore  the  load  pattern  is  limited  by  the  maximum  thermal  output  of  the  gas  turbine.  The 
consideration  of  contracts  with  the  regional  utility  and  the  gas  company  are  of  importace.  Especially  the 
agreements  about  the  additional  and  reserve  electric  power  supply  are  important  economic  factors  for  companng 
different  plant  concepts. 

In  these  contracts,  the  peak  price  is  about  20  DM/kW,  month,  35  %  of  reserve  power  are  included  in  the 
minimum  amount  of  power  to  pay.  A  50  %  fine  on  the  normal  price  is  charged,  if  the  used  reserve  power  is 
higher  than  the  contracted  amount.  The  normal  price  for  the  electric  power  is  about  102  DMMWh  during  high 
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tariff  periods  and  88  DM/MWh  during  low  tariff  periods,  the  fiiel  price  is  about  3  DM/MWh  (100  %)  The  price 
of  the  gas  and  electricity  bought  from  the  local  supplier  is  split  for  different  time  zones. 


Fig.  5:  Reference  load  patterns  and  variants 

Fig.  6  shows  the  yearly  savings  with  a  Cheng  Cycle  unit  -  for  heat  oriented  and  cost  optimized  operation  - 
compared  to  a  simple,  rigid-coupled  gas  turbine  and  HRSG  plant  (same  gas  turbine).  By  relinquishing  the  use  of 
maximum  thermal  output  whenever  this  helps  to  lower  the  electric  power  imported  from  the  regional  utility,  the 
Mvings  will  increase  further  (Cheng,  cost  optimized  operation).  The  additional  investments  necessary  for  the 
Cheng  Cycle  plant  have  to  be  refunded  with  those  savings. 

To  use  Ae  advantages  of  a  Cheng  Cycle  power  plant  as  determined  in  the  calculation,  the  point  of  operation  has 
to  be  adjusted  continuously  depending  on  the  actual  load.  For  this  purpose  the  results  of  the  optimization 
calculation  must  be  abstracted  and  adjusted  to  the  actual  load  combinations.  Neuronal  grids  are  suitable  to  leam 
from  the  results  of  the  MILP-calculaton  and  can  transfer  the  contained  rules  to  modified  situations.  The  structure 
of  the  problem  is  similar,  but  the  actual  load  schedule  differs  from  reference  load  patterns.  The  online  control 
system  of  the  Cheng  Cycle  plant  in  Garching  takes  advantage  of  neural  grids  and  neural  fuzzy  controllers,  to  find 
the  best  operation  point  for  the  actual  load.  First  a  reference  load  pattern  has  to  be  optimized.  Single  operation 
points  (thermal  and  electric  power)  are  used  as  learning  patterns  for  the  neural  controller.  The  calculated  electric 
power  m  the  optimization  solution  is  the  set  point.  The  corresponding  thermal  power  adjusts  itself  automatically. 
The  controller  must  be  trained  again,  if  the  shape  of  the  load  patterns  or  the  contracts  with  the  utility  companies 
change  significantly.  The  strategy  enclosed  in  the  optimum  solution  will  be  used  by  the  controller.  The  controller 
is  implemented  in  a  control  programme,  transferring  data  from  the  process  control  system  by  using  a  DDE- 
connection.  A  prognosis  module  estimates  the  load  schedule  for  the  next  15-minute  period.  The  load  prognosis  is 
the  input  variable  for  the  load  controller  which  calculates  the  next  optimum  point  of  operation. 

From  the  two  years  operation  up  to  June  1999  it  can  be  concluded  that  the  generalization  of  the  strategy  used  in 
the  MILP-solution  works  reliably  and  with  good  success.  The  imported  power  is  limited  to  the  optimized  value, 
and  the  real  load  schedule  is  close  to  the  calculated  optimum.  During  the  last  months  the  Cheng  Cycle  plant  was 
able  to  realize  >95  %  of  the  potential  economic  savings  compared  to  a  rigidly  coupled  gas  turbine. 
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Fig.  6:  Savings  achievable  by  Cheng  Cycle  operation  based  on  the  load  patterns  displayed  in  Fig.  5 

5.  CONCLUSIONS 

The  Cheng  Cycle  plant  of  the  Technische  Universitat  Munchen  at  its  campus  in  Garching 

opL?on  for  L  years.  During  that  period  the  time  availability  was  high,  but  the  peak  avatlabthty  has  to  be 

improved. 

To  make  full  use  of  the  potential  of  flexibility  of  the  Cheng  Cycle  plant  ^  online  load  control  system  is  needed: 
L  optimal  load  point  for  electric  power  has  to  be  set  without  any  manual  measure  from  the  operator. 

The  combination  of  offline  optimization  by  MILP-calculations  and  conversion  with  a  neural  conholler  is  a 
^mple  and  effective  way  to  establish  such  a  system.  Post  calculations  showed  that  the  online  control  system 

reached  up  to  98  %  of  the  theoretical  potential. 


REFERENCES 


1. 

2. 

3. 

4. 


Cheng  “Regenerative  Parallel  Compound-Dual”,  Fluid  Heat  Engine,  US  Patent  n.  4.128  994  (1978). 
ellerer^C.  Splngenberg  and  D.  Hein,  “Lastfolgebetrieb  mit  einer  Cheng  Cycle-Anlage  ,  VDI-Bencht  1321, 

[aS^F^^^woin  and  R.  Kruse,  Neuronale  Netze  und  Fuzzy-Systeme  Vieweg,  BraunschweigAViesbaden 


Spangenberg  and  D.  Hein,  “Gasturbinen  mit  Dampfinjektion  zur  Leistungssteigerung  -  Technik,  Betrieb. 
Wirtschaftlichkeit”,  VDI-Bericht  1182,  Dusseldorf  (1995). 


1352 


THERMODYNAMIC  ANALYSIS  AND  SENSITIVITY  STUDIES  ON  BRAYSSON 
CYCLE  USING  AN  INTELLIGENT  CAI  SOFTWARE 


Souvik  Bhattacharyya 

Department  of  Mechanical  Engineering,  University  of  Canterbury 
Private  Bag  4800,  Christchurch,  New  Zealand 
FAX:  +64-3-364-2987  Email:  souvik @mech.canterburv.ac.nz 

Keywords:  CyclePad,  Braysson  Cycle,  thermodynamic  analyses 

ABSTRACT.  A  hybrid  gas  turbine  cycle,  Braysson  cycle,  has  been  recently  proposed  in  the  literature  based  on 
the  conventional  Brayton  topping  cycle  while  adopting  the  Ericsson  cycle  as  the  bottoming  one.  In  this  article 
thermodynamic  analyses  and  sensitivity  studies  have  been  carried  out  employing  an  intelligent  computer-aided 
instruction  (CAI)  software  for  power  and  energy  systems  design  and  analysis.  Salient  features  and  capabilities  of 
the  CAI  tool  have  been  discussed  as  well  to  extend  assistance  to  the  prospective  users.  Such  tools  can  be  effective 
means  for  conducting  initial  research  studies  on  advanced  novel  cycles  that  are  being  suggested  by  researchers. 

1.  INTRODUCTION 

Thermodynamic  cycle  analysis  continues  to  arouse  interest  among  both  researchers  and  educators  [1]. 
Thermodynamic  behaviour  of  different  options  for  power  and  refrigeration  cycles  along  with  characteristics  of 
various  working  fluids  is  commonly  carried  out  as  part  of  thermodynamics  instruction.  Often,  complex 
performance  studies  involving  multiple  design  alternatives  are  left  out  because  of  the  time  and  difficulty  involved 
in  the  computations.  Lately  computer-aided  learning  has  become  popular  and  a  few  tools  based  on  software 
platforms  have  become  available.  In  addition  to  softwares  for  thermodynamic  property  computation  for  various 
substances,  intelligent  softwares  which  can  guide  the  user  in  the  design  of  a  system  without  limiting  itself  to  a 
mere  analysis  of  it,  have  become  available  lately.  These  tools  are  opening  up  new  opportunities  for  the  educators 
since  such  design  oriented  exercises  can  now  be  undertaken  as  part  of  classroom  instruction  in  the  form  of  student 
assignments  or  design  projects.  Remote  internet-based  education  is  being  offered  to  a  greater  extent  today  and 
such  tools  could  be  of  immense  utility  under  these  configurations.  The  software  platform  is  expected  to  augment 
the  present  curricula  as  a  new  paradigm  rather  than  as  a  replacement  module. 

2.  CYCLEPAD:  AN  INTELLIGENT  ENVIRONMENT 

A  synergistic  combination  of  qualitative  physics  and  artificial  intelligence  techniques  have  been  employed  to 
develop  CyclePad  [2,3]  to  assist  in  teaching,  design  and  research  in  applied  thermodynamics  and  advanced  energy 
conversion.  This  versatile  freeware,  available  over  the  internet  [4],  introduces  students  to  the  concept  of  design  as 
an  open-ended  process  involving  synthesis,  analysis,  and  choices  among  design  alternatives.  It  provides  an 
articulate  virtual  laboratory  [3],  in  terms  of  a  software  environment  consisting  of  a  set  of  parts,  corresponding  to 
physical  components  or  important  abstractions  in  the  domains  of  interest,  tools  for  assembling  collections  of  these 
parts  into  designs,  and  facilities  for  analysing  and  testing  designs.  It  enables  the  visualisation  of  schematic 
combination  of  a  variety  of  thermodynamic  cycles  which  enables  the  students  to  explore  the  sensitivity  of  key 
parameters  on  global  behaviour  of  the  cycle.  Aside  from  their  intrinsic  interest,  the  conceptual  design  of 
thermodynamic  cycles  provides  an  extremely  motivating  context  for  students  to  learn  fundamental  principles 
more  deeply  than  they  would  otherwise.  This  is  strongly  evident  in  several  student  and  faculty  surveys  that  have 
been  undertaken  in  several  universities  [2]  from  which  it  transpires  that  such  a  tool  is  welcomed  by  the  students. 

It  does  not  replace  the  requirement  of  solving  problems  by  hand  but  surely  it  supplements  that  activity  quite 
effectively.  For  complex  configurations,  the  students  are  not  bogged  down  by  routine  calculations  and  in  the 
mechanics  of  problem  solving.  CyclePad  automates  the  numerical  analysis  of  cycles  so  that  one  can  devote  more 
time  and  effort  in  thinking  about  the  implications  of  a  specific  design  or  to  explore  what  if  options  available  to  the 
designer.  To  assist  in  the  investigations,  CyclePad  provides  a  hypertext-based  query  system,  offering 
explanations  of  any  parametric  value,  substance  phase,  or  modelling  assumption,  that  CyclePad  has  derived. 
Additionally  a  fairly  detailed  User's  manual  has  been  developed  primarily  for  the  students  [5]. 

CyclePad  allows  one  to  specify  the  structure  of  the  design,  through  sequential  linking  of  components.  The  design 
is  then  analysed  by  assuming  numerical  values  for  parameters  (eg.  operating  temperatures  and  pressures),  and 


1353 


makincr  modelling  assumptions  (eg.  whether  or  not  to  consider  a  device  as  isentropic)  and  choosing  the  wortong 
substaLes.  Sensitivity  analyses  can  be  performed  to  understand  how  different  parameters  of  a  ^ 

to  its  performance.  For  example,  CyclePad  can  determine  how  the  efficiency  of  a  system  changes  as  a  function  of 
other  parameters  CyclePad  performs  steady-state  analyses  of  both  open  and  closed  cycles  while  worlang  in  wo 
maJ;  and  analyse  mode.  In  the  first  phase  (build),  a  graphical  editor  is  employed  to  place 
Lmponents  and  to  connect  them  with  stuffs  (component  links)  from  the  Component  Palette 
only  proceed  to  the  next  phase  (analysis)  when  every  component  is  connected  has 

stu4  and  every  stuff  has  been  used  as  both  an  input  and  an  output  for  components  m  the  design.  When  there  l^as 
?ee?krerronels  data  furnished  or  an  impossible  assumption  made,  the  contradiction  dialog  box  Ae 

assistance  by  identifying  the  item  at  fault  and  suggesting  possible  changes.  In  the  analysis  phase,  items  specified 
are-  the  worldng  fluid,  modelling  assumptions  used  to  analyse  the  design,  and  numencal  values  for  the  properties 
cXonS  and  smffs.  As  soon  as  CyclePad  receives  some  information  from  the  user,  it  draws  as  many 
conclusLns  as  it  can  about  the  design,  based  on  everything  we  have  told  it  so  far.  When  we 
fluid  for  instance,  it  knows  whether  to  use  property  tables  or  an  ideal  gas  approximation.  When  specify 
numerical  values,  CyclePad  sees  if  it  can  then  calculate  other  numerical  values.  It  displays  the  results  of  its 
calculations  and  we  are  free  to  inquire  about  how  values  were  denved  and  how  one  might  proceed  at  any  tim  , 
using  a  hvn’ertext  query  system.  As  we  provide  more  information,  CyclePad  deduces  more  about  the  physical 
system.  Anhis  juncture,  one  may  want  to  investigate  the  relationship  between  a 
one  that  CyclePad  has  calculated  in  order  to  determine  how  to  improve  the  design.  The  Sensitivity 
from  the  Tools  pull-down  menu,  is  employed  to  do  this  using  a  dependent  parameter  and  an  independ 
parameter;  this  entire  process  is  extremely  interactive  and  user  defined.  There  are  many  what  i/questions  that  can 
be  asked  for  systems  analysis  in  a  preliminary  design. 


Figure  1.  Component  palette  of  CyclePad 


3.  BRAYSSON  CYCLE 

A  hvbrid  gas  turbine  cycle  [2]  has  been  reported  in  the  literature  based  on  the  conventional  Brayton  topping  cycle 
liirlptinTthe  Ericsson  cycle  as  the  bottoming  one.  This  combined  cycle  has  been  given  a  new  nam^ 
Braysson  cycle.  In  such  a  scheme,  the  irreversibilities  of  the  boiler  and  the  ancillanes  of  a  conventional  gas-steam 
turbine  combined  cycle  is  eliminated  to  give  rise  to  improved  performance  parameters. 

In  the  initial  analyses  reported  here,  ideal  gas  air  standard  cycles  are  assumed  with  turbines  and  compressors 
performing  with  a  fixed  isentropic  efficiency  of  90%.  For  subsequent  studies,  polytropic  processes  with  ^ase-line 
LlvtroDic^efficiency  of  90%  have  been  envisaged  for  all  turbine  and  compressor  stages  -  a  level  that  is  achieved 
fn  c«  ducted  engines  by  careful  blading  design  and  sealing.  For  a  fixed  maximum-imnimum 

temperature  ratio  the  variables  that  affect  the  overall  thermal  efficiency  and  specific  Po^er  of  a  practical 

poTylmpic  efficiency  of  compression  and  expansion,  die  pressure  ratio  of  the  baste  Brayton  cycle  and 

the  elevation  of  the  minimum  temperature  during  intercooled  compression  ^ 

hv  thf*  ratio  of  the  two  A  maximum  cycle  temperature  has  also  been  assumed  at  realistic  levels  and  the  etiect  or 
raising  it  to  higher  levels  as  suggested  by  recent  research  (and  currently  achieved  in  only  imlitary  aircraft  engines) 
is  also  demonstrated.  Effect  of  refrigerated  inlet  condition  for  compressor  is  also  investigated. 
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The  cycle  being  analysed  operates  under  the  following  conditions:  atr  enters  the  Brayton  cycle  coinpresso 
20“C  and  100  kPa.  The  Brayton  turbine  inlet  conditions  are  1300  C  and  745  kPa.  The  second  turbine  in 
cycle  (Figure  2)  belongs  to  the  bottoming  cycle  (Ericsson  cycle).  Air  enters  this  turbine  at  100  kPa  and  exits  at 
kPa  A  3-stage  intercooled  compression  is  provided  for  this  cycle  with  isobaric  intercoolmg  occummg  with  exi 
condition  of  20  °C  for  each  intercooler.  Analysis  of  this  combined  cycle  yields  an  overall  thermal  efficiency  of 
41.56%  with  a  hackwork  ratio  of  62.37%.  The  combustor  heat  input  rate  is  1.031  MW  and  the  net  power  output  is 
428.6  kW. 


4.  SENSITIVITY  ANALYSIS 

Multiple  sensitivity  analyses  have  been  carried  out  to  optimise  the  Braysson  cycle  in  terms  of  thermal  effic^ncy 
and  net  work  output  as  a  function  of  various  temperatures  and  pressures.  Figure  3  illustrates  how  the  toppin^ 
cycle  compressor  (number  1)  pressure  ratio  (which  is  the  Brayton  cycle  pressure  ratio)  affects  the  net  cycle  power 
output  in  the  combined  cycle.  So  this  gives  us  an  opportunity  to  choose  the  optimum  pressure  ratio  for  maximu 
power  output  for  the  given  conditions. 


Figure  3.  Influence  of  compressor  (1)  pressure  ratio  on  net  cycle  power  output 


Figure  4  depicts  a  similar  effect  on  cycle  efficiency  for  varying  pressure  ratio 
the  optimum  pressure  ratio  for  maximum  net  work  output  and  for  maximum 
the  same. 


values.  It  is  interesting  to  note  that 
cycle  efficiency  are  not  necessarily 


Figure  4.  Influence  of  compressor  (1)  pressure  ratio  on  cycle  efficiency 
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Figure  5  shows  the  effect  of  having  higher  turbine  inlet  temperature  on  the  cycle  thermal  efficiency;  the  results  are 
intuitive,  however,  the  prompt  and  easy  sensitivity  analysis  tool  of  CyclePad  is  once  more  illustrated  here.  It  may 
be  observed  that  the  gradient  of  the  plot  changes  with  temperature  and  one  can  choose  the  inlet  temperature 
according  to  the  return  on  extra  investment  for  providing  higher  inlet  temperatures  for  the  Brayton  turbine. 


Figure  5.  Influence  of  turbine  inlet  temperature  on  cycle  efficiency 

Power  boosting  of  gas  turbine  cycles  with  compressor  inlet  air  refrigeration  has  been  suggested  in  the  literature 
[7].  This  has  been  explored  as  shown  in  Figure  6  where  it  can  be  observed  that  lowering  of  compressor  inlet 
temperature  causes  a  monotonous  increase  in  net  power  output  of  the  cycle.  However,  any  decrease  below  the 
dew  point  will  necessitate  prevention  of  moisture  and  ice  formation  measures.  Obviously  the  power  gain  seems 
quite  attractive  compared  to  the  problems  involved. 


475 
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Figure  6.  Variation  of  net  power  output  of  the  cycle  with  compressor  inlet  air  temperature 

Figure  7  shows  the  effect  of  varying  topping  cycle  turbine  exhaust  pressure  on  the  overall  cycle  efficiency  and 
again  provides  one  with  an  opportunity  to  optimise  the  cycle  for  maximum  efficiency.  This  pressure  is  the 
intermediate  pressure  between  the  Brayton  and  the  Ericsson  cycle.  In  Figure  8,  it  can  be  observed  that  there  exists 
an  optimum  intercooler  pressure  which  yield  maximum  cycle  efficiency  and  it  enables  the  designer  to  locate  the 
intercooler  optimally  between  the  compressors. 
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Figure  7.  Variation  of  cycle  efficiency  with  Brayton  turbine  exhaust  pressure 


5.  CONCLUSIONS 

A  synergistic  combination  of  qualitative  physics  and  AI  techniques  have  been  employed  to  develop  CyclePad  to 
assist  in  teaching,  design  and  research  in  applied  thermodynamics  and  advanced  energy  conversion  systems.  It 
provides  an  articulate  virtual  laboratory,  in  terms  of  visualisation  of  the  schematic  combination  of  a  vanety  of 
thermodynamic  cycles.  Believed  to  be  the  first  attempt  among  Australasian  Universities,  CyclePad  is  being  used 
in  a  second  professional  year  course  in  thermodynamics  in  University  of  Canterbury  with  strong  positive  feedback 
from  the  students.  The  entire  problem  solving  and  assignment  submission  and  evaluation  process  has  been  made 
paper-less  and  is  conducted  electronically. 


Figure  8.  Optimisation  of  cycle  with  respect  to  intercooler  pressure 

A  hybrid  gas  turbine  cycle,  called  Braysson  Cycle,  has  been  recently  proposed  in  the  literature  based  on  the 
conventional  Brayton  topping  cycle  while  adopting  the  Ericsson  cycle  as  the  bottoming  one.  A  thermodynamic 
analysis  has  been  carried  out  employing  an  intelligent  CAl  software  for  power  and  process  cycle  design  an 
analysis.  Salient  features  and  capabilities  of  the  CAI  tool,  CyclePad,  have  been  discussed  as  well  to  extend 
assistance  to  the  prospective  users.  Sensitivity  of  key  process  parameters  on  global  cycle  performance  have  been 
explored.  Such  a  design  analysis  will  serve  as  a  good  insight  into  the  performance  of  this  novel  combined  cycle 
including  information  on  parametric  influences  on  its  performance  levels.  Such  studies  demonstrate  that  analyses 


1358 


of  complex  cycles  can  now  be  carried  out  as  part  of  classroom  instruction  as  well  employing  intelligent  software 
environments.  Sample  sensitivity  analyses  have  also  been  presented  in  the  study  to  demonstrate  the  features  of 
the  software.  CyclePad  serves  as  an  effective  educational  tool  toward  optimisation  of  energy  conversion  systems 
where  fair  amount  of  complexity  is  inherent  in  the  design,  especially  when  multiple  possible  variations  of  the 
related  design  parameters  need  to  be  studied. 
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ABSTRACT  Integrated  Gasification  Combined  Cycle  (IGCC)  power  system  has  attractive  prospective  well 
into  the  next  century  with  its  high  efficiency  and  excellent  environmental  supenonty.  At  present  many 
demonstration  power  plants  have  been  built  in  the  world.  Research  m  this  area  is  also  ^ 

China  and  a  400MW-demonstration  power  plant  will  be  built  m  the  next  five  years.  The  KXC  system 
commonly  has  two  parts;  the  topping  cycle  and  the  bottom  cycle  (HRSG  and  Steam  turbines).  The  topping 
cycle  consists  of  the  gasifier,  the  syngas  cooling  and  clean-up  subsystem,  the  an  separation  unU  ^SU)  and 
gas  turbine.  The  gas  turbine  is  the  key  component  of  the  topping  cycle  as  well  as  the  totol  IGCC  system.  1  he 
purpose  of  this  paper  is  to  study  the  influence  on  IGCC  topping  cycle  performance  of  different  degree  of  ASU 
integration  incorporated  with  gas  turbine  and  proportion  of  the  re-injecting  netrogen.  In  tins  paper,  *e  key 
factors,  which  affect  the  topping  cycle,  are  analyzed,  a  new  idea — simultaneous  optimization  of  the  two 
opening  variables— is  presented  and  a  mathematical  model  and  the  corresponding  computing  procedure  are 
developed  to  realize  the  simultaneous  optimization.  This  procedure  is  employed  to  calculate  a  typical 
commercial  IGCC  topping-cycle  system,  which  is  based  on  a  slurry-feed  gasifier,  a  low-temperature  clean-up 
subsystem  a  low-pressure  ASU  and  a  large  gas  turbine.  The  acquired  results  constitute  useful  information  on 
the  analysis  and  optimization  of  IGCC  topping  cycle  performance  during  the  system  design  phase. 

1.  WHICH  FACTORS  HAVE  KEY  EFFECTS  ON  TOPPING  CY CLE  PERFORMANCE 


Fig.l.  shows  the  IGCC  topping  cycle  super¬ 
configuration  scheme,  which  has  two 
openings.  One  is  the  compressor  extraction 
outlet;  the  other  is  the  re-injecting  nitrogen 
inlet.  Followed  are  the  key  factors,  which 
affect  topping  cycle  performance  most; 

•  The  degree  of  ASU  integration 

incorporated  with  gas  turbine. 

•  The  percentage  of  the  total  nitrogen 
available  from  ASU,  which  is  re-injected 
into  the  combustor. 

•  The  off-design  performance  of  gas  turbine 
when  the  expander  inlet  flow  rate  increases 
greatly  due  to  the  medium-Btu  coal- 
derived  syngas  and  the  re-injection  of 
nitrogen  to  the  combustor. 


Fig.l.  Topping  cycle  super-configuration  scheme 


HOW  TO  SIMULTANEOUSLY 
OPTIMIZE  TOPPING  CYCLE 
PERFORMANCE 


with  two  openings 

1  Gasifier  2  Clean-up  subsystem  3  Compressor 

4  Combustor  5  Expander  6  ASU 

7  Air-compressor  8  Oxygen-compressor 
9  Nitrogen-compressor  10  Nitrogen  Saturator 


Through  the  above  analysis,  we  can  find  that  it 

is  very  complex  and  difficult  to  evaluate  and  ■  rr.  n 

optimize  the  IGCC  topping  cycle  performance.  The  traditional  methods  have  many  limit^They  ^e  usually 
used  to  analyze  or  optimize  the  specific  IGCC  configuration  with  only  one  variable  coefficient.  This  paper 
presents  a  new  idea — simultaneous  optimization  of  the  two  opening  variables  to  analyze  the  topping  eye  e 
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performance  by  employing  an  airside  subsystem  super-configuration.  The  intent  is  to  demonstrate  the  effect  on 
gas  turbine  output  and  overall  system  efficiency  (LHV)  of  some  of  the  key  system  variables  such  as  ASU 
integration  degree,  the  re-injecting  netrogen  proportion,  gas  turbine  firing  temperature  and  compressor  guide 
vane  angle. 


The  approach  of  optimizing  topping  cycle  is  comprised  of  three  steps.  Firstly,  we  design  an  airside  subsystem 
super-configuration,  which  may  cover  all  possible  types  of  airside  integration  technologies.  The  second  step  is 
the  preparatory  optimization  of  the  topping  cycle  configuration  using  numerical  analysis  method,  which  is 
based  on  the  elementary  requirement  and  optimizing  target.  Thirdly,  the  topping  cycle,  whose  process  has  been 
optimized,  is  accurately  optimized  both  the  parameters  and  configuration.  To  given  optimizing  target,  we 
calculate  the  optimal  key  set  of  independent  variables  by  means  of  numerical  analyzing  the  crossed 
combination  of  five  independent  variable. 


Fig.2.  shows  the  optimization  flow  chart. 


Two  Opening  Variables 

(1)  ASU-integrated  coefficient  (Xas) 

Xas 


(1) 


Gas 

where:  Gas2 — mass  flow  of  air  extracted 

from  compressor 

Gas - mass  flow  of  total  air  for  ASU 


(2)  Nitrogen-reinjected  coefficient  (Xgn) 

Xgn  (2) 

Gn 

where:  Gn2 - mass  flow  of  reinjected 

nitrogen  to  combustor 

Gn - mass  flow  of  total  nitrogen 

available  from  ASU 


Fig.2.  Topping  cycle  optimization  flow  chart 

Target  Variables 

(1)  IGCC  auxiliary  power  ratio  is  mainly  influenced  by  the  degree  of  ASU  integration  incorporated  with  gas 
turbine  and  the  mass  flow  of  reinjected  nitrogen. 


Wlos  +  Wasu 

77,  = -  (3) 

'  Ngt  +  Nst 

where:  Wlos - IGCC  system  other  consumption  power 

Wasu - ASU  consumption  power 

Ngt - gas  turbine  output  power 

Nst - steam  turbine  output  power 

(2)  IGCC  overall  efficiency  indicates  the  synthetical  effects  of  ASU  wear-off  power  and  gas  turbine  outlet 
temperature  variation  on  the  bottom  cycle. 


^ig 


(Ngt  +  Nst)x(l-7i,) 


Gel  X  Hu 

where:  Gel - mass  flow  of  consumption  fuel 

Hu - fuel  low  heat  value 


(4) 


3.  HOW  TO  SET  UP  MATHEMATICAL  MODEL  OF  TOPPING  CYCLE 

The  intent  of  building  this  model  is  to  calculate  the  topping  cycle  performance  coefficients  with  different 
variable  combination  for  a  typical  IGCC  system  with  given  facilities  such  as  gasifier,  ASU  and  gas  turbine  and 
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to  provide  useful  information  to  the  system  design. 


Mathematical  Model  of  Gasifier 

Gasifier  employs  the  black-box  model.  That  is  to  say  we  only  consider  the  input  and  output  variables  and  raw 
syngas  ingredient  and  don’t  concern  the  inner  chemical  reactions. 

Mathematical  Model  of  ASU 

A  cryogenic  ASU  process  is  used  in  this  model  because  its  technology  is  full-blown  due  to  the  prevalent  use  in 
chemical  industry.  The  consuming  works  of  the  air-compressor,  oxygen-compressor  and  nitrogen-compressor 
are  calculated. 


where:  Wair - special  air-compressor  consumption  power 

W02 - special  oxygen-compressor  consumption  power 

Wn2 - special  nitrogen-compressor  consumption  power 


Mathematical  Model  of  Gas  'Rirhine 

Gas  turbine  is  the  key  component  of  the  topping  cycle.  Firstly,  the  mathematical  models  of  compressor, 
combustor  and  expander  should  be  built  respectively.  And  then,  the  three  models  will  be  combined  to  get  the 


balance-working  point. 

Compressor  mathematical  model  A  map  is 
necessary  to  determine  the  off-design  performance  of 
the  gas  turbine  when  firing  syngas.  Actual  compressor 
maps  for  modern  gas  turbine  compressors  are  not 
available  in  the  open  literature.  The  compressor  map 
used  here  is  a  typical  one  of  advanced  compressor, 
shown  as  Fig.3..  This  map  is  translated  to  some 
equations  with  two  given  variables  by  means  of  a 
gridding  method.  The  minimal  surge  margin  of 
compressor  is  given  as  a  constrained  qualification. 


75;,  75C1  803  aS3  5CC  31; 

G 

Fig.3.  Compressor  performance  map  and  gridding 


Expander  mathematical  model  The  expander  off- 
design  performance  is  described  by  the  Quasi-ellipse 
Equation,  which  is  applicable  to  the  turbines  with  different  number  of  stages  under  the  condition  of  the  certain 

rotate  speed. 


^  j(a,+b^K,  (6) 

J3V  »3 

where:  superscript  0  indicates  the  benchmark;  a^  and  b^  is  up  to  the  number  of  stages  of  expander, 

average  degree  of  reaction  and  working-flow  ;Gg3  is  the  mass  flow  of  expander  inlet,  Tg3  and 
Pg3  are  the  temperature  and  the  pressure  of  expander  inlet;  Ui  is  the  expander  expanding  ratio. 

Combustor  mathematical  model  The  combustor  in  IGCC  system  is  not  the  same  as  the  simple  cycle 
for  the  medium-Btu  syngas,  compressor  extraction  air  to  ASU  and  nitrogen  re-injection  from  ASU.  The 
thermal  equilibrium  equation  should  consider  all  the  above  changes. 

G3  X (H3  -  Hgjs)  =  (G2  +  )  X (Ha  -  +  GfX(Hu  +  Dhf)  (7) 


where:  G3 - mass  flow  of  expander  inlet  gas 

H3,  Hg25 - gas  enthalpy  at  expander  inlet  and  25°C 

G2,  Gii - air  mass  flow  at  combustor  inlet  and  for  expander  cooling 

Ha2,  Ha25 - afr  enthalpy  at  combustor  inlet  and  25  °C 

Hu,  Dhf - mixture  gas  low  heat  value  and  sensible  heat 
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4.  CASE  STUDY  AND  RESULT  ANALYSIS 


Here  a  typical  400MW  commercial  IGCC  power  system,  which  is  comprised  of  an  entrained  flow  gasifier  with 
feeding  oxygen  flow  of  95%  density,  a  low  temperature  clean-up  subsystem,  a  large  gas  turbine  and  a 
cryogenic  ASU.  The  intent  is  the  gas  turbine  output  and  overall  system  efficiency.  During  the  calculation,  the 
compressor  surge  limit  is  carefully  considered.  Some  results  and  curves  are  acquired,  which  provide  useful 
information  for  system  designer. 

(1)  Fig.4.  and  Fig.5.  show  that  the  gas  turbine  output  is  larger  and  IGCC  overall  efficiency  is  higher  when  the 
degree  of  ASU  integration  incorporated  with  gas  turbine  is  lower  and  the  proportion  of  reinjected  nitrogen 
is  larger.  Under  the  condition  of  the  certain  surge  margin,  the  largest  gas  turbine  output  and  highest  IGCC 
overall  efficiency  available  will  be  increased  if  the  ASU-integrated  coefficient  is  larger. 

(2)  Fig.6.  shows  IGCC  auxiliary  power  ratio  is  lower  when  the  ASU-integrated  coefficient  is  larger. 

(3)  Fig.7.  indicates  that  the  gas  turbine  output,  efficiency  and  pressure  ratio  are  lower  when  the  compressor 
guide  vane  angle  is  partially  closed.  So  partially  closing  the  compressor  guide  vane  is  one  of  the  useful 
methods  to  avoid  the  system  surge.  At  the  same  time,  more  nitrogen  can  be  reinjected. 

(4)  Fig.  8.  and  Fig.9.  indicate  that  the  gas  turbine  output  and  IGCC  overall  efficiency  will  be  lowered  with  the 
expander  inlet  temperature  declined.  But  more  nitrogen  can  be  reinjected  under  the  condition  of  the  same 
surge  margin. 


Xgn 

Fig.4.  Gas  turbine  output  power  as  a  function  of 
ASU-integrated  coefficient  and  nitrogen- 
reinjected  coefficient. 


1.0  0® 


Fig.5.  IGCC  overall  efficiency  as  a  function 
of  ASU-integrated  coefficient  and 
nitrogen-reinjected  coefficient 


Fig.6.  IGCC  auxiliary  power  ratio  as  a  function 
of  ASU-integrated  coefficient  and 
nitrogen-reinjected  coefficient 


Fig.7.  Gas  turbine  output  power,  efficiency 
and  pressure  ratio  as  a  function  of 
nitrogen-reinjected  coefficient  and 
compressor  guide  vane  angle. 
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Fig.8.  Gas  turbine  output  power  as  a  function 
of  nitrogen-reinjected  coefficient  and 
expander  inlet  temperature. 


Fig.9.  IGCC  overall  efficiency  as  a  function 
of  nitrogen-reinjected  coefficient  and 
expander  inlet  temperature. 


5.  CONCLUSIONS 

This  paper  has  described  the  key  factors,  which  have  effects  on  topping  cycle  performance,  and  the  procedure 
to  evaluate  and  optimize  the  topping  cycle.  A  new  idea —  simultaneous  optimization  of  the  two  opening 
variables — is  presented  and  used  to  analyze  a  typical  IGCC  system.  The  resulting  curves  relating  ASU 
integration  coefficient,  re-injecting  nitrogen  coefficient,  gas  turbine  firing  temperature,  compressor  guide  vane 
angle  and  expander  flow  area  are  valuable  for  IGCC  power  plant  design,  analysis,  or  simulation. 
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INVESTIGATIONS  OF  COMMON-RAIL  FUEL  INJECTION  TECHNIQUE  IN 

DI-DIESEL-ENGINES 
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ABSTRACT.  The  mixture  formation  and  the  combustion  process  of  small  direct-injection  (DI)  Diesel 
engines,  equipped  with  high  pressure  common-rail  fuel  injection  systems,  was  investigated  by  means  of 
modern  optical  measurement  techniques,  such  as  digital  high-speed  cinematography  and  phase  doppler 
particle  analyzing  (PDPA).  The  measurements  were  carried  out  in  a  high  pressure  chamber  (HPC)  and  in 
a  rapid  compression  machine  (RCM).  Several  engine  operating  conditions  with  different  boost  pressures, 
injection  pressures,  and  fuel  quantities  were  examined.  The  influence  of  the  injection  and  the  swirl  mode 
on  the  ignition  delay  and  the  flame  propagation  was  analyzed.  Different  nozzle  types  (sac  hole  and  VCO 
nozzles)  with  a  variable  number  of  holes  and  different  injector  types  {electromagnetic/piezoelectric) 
were  investigated.  In  order  to  observe  the  fuel  injection,  the  ignition,  and  the  combustion  process 
simultaneously,  a  combined  high-speed  shadow  graph  and  flame  visualization  technique  was  applied.  The 
experimental  analysis  of  the  combustion  process  in  the  rapid  compression  machine  yielded  informations 
about  the  spray  penetration  and  dispersing  angle,  the  velocity,  the  distribution  and  the  evaporation  of 
the  fuel  droplets  inside  the  piston  bowl,  the  delay  and  the  location  of  ignition  as  well  as  the  progression 
of  the  whole  combustion  process  including  informations  about  the  timedependent  air  flow  during  the 
compression  and  expansion  stroke.  The  applied  swirl  did  not  show  a  significant  influence  on  the  spray 
penetration,  but  had  a  strong  influence  on  the  ignition  and  combustion  process.  Also  a  reducing  effect  on 
the  swirl  speed  was  observed,  caused  by  the  injected  amount  of  high  pressured  fuel.  PDPA  measurements 
in  the  center  of  the  spray  show  a  characteristic  and  reproducible  structure  in  the  time  series  of  droplet 
size  and  droplet  velocity.  The  turbulence  of  the  droplet  velocity  increases  from  the  center  to  the  edge 
of  the  spray  while  the  mean  velocity  rapidly  decreases. 

1.  INTRODUCTION 

The  growing  international  consciousness  for  environmental  protection  and  the  consequently  ever  more 
tightened  emission  legislation  forces  the  automotive  industry  to  reduce  fuel  consumption,  and  pollutant 
emission  of  Diesel  engines.  Since  the  injection  method  has  a  high  influence  on  the  combustion  process, 
huge  efforts  have  been  made  to  improve  current  injection  systems  and  to  develop  new  technologies. 
Particularly  the  common-rail  technology,  which  applies  pressures  up  to  135  MPa,  offers  the  advantage 
of  a  flexible  sequential  control  of  the  injection  process.  In  order  to  improve  and  to  optimize  the 
application  of  these  systems,  it  is  essential  to  get  a  better  understanding  of  the  complex  processes 
inside  the  combustion  engine.  Therefore,  modern  optical  measurement  techniques  have  been  applied  to 
a  high  pressure  chamber  and  a  rapid  compression  machine  to  intensify  the  investigations  on  the  system 
under  conditions  similar  to  a  real  engine. 

The  common  rail  technology  offers  several  advantages,  compared  to  conventional  Diesel  fuel  injection 
systems: 

•  high  injection  pressures  independant  of  the  engine  speed 

•  good  fuel  atomization  also  at  the  beginning  and  the  end  of  each  injection  due  to  a  constant  rail 
pressure 

•  flexible  and  exact  choice  of  injection  begin  and  injection  duration  due  to  electronic  control 

•  possibility  of  a  pilot  injection  to  reduce  noise,  particulates  and  NOj,  emissions 

•  reduced  need  for  swirl  intensity  at  low  engine  speed  due  to  high  turbulence  energy  of  the  spray 
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reduction  of  noise  and  material  stress  due  to  a  silent  high  pressure  pump  with  low  torque  oscilla¬ 
tions  and  low  torque  peaks 


2.  EXPERIMENTAL  SETUP 


Fuel  Injection  System 

The  measurements  were  performed  using  a  BOSCH  common-rail  fuel  injection  system,  as  shown  in 
Fig.2.  Variable  nozzles,  i.e.  sac  hole  nozzles  and  VCO  nozzles  (see  Fig.l),  with  five,  six  and  seven  holes 
were  investigated.  The  VCO  nozzles  were  equipped  with  two  needle  guidances  to  prevent  a  needle  tip 
deviation  from  the  needle  seat. 


VCO  Nozzle 


Sac  hole  nozzle 


Figure  1:  Diagrammatic  section  of  the  investigated  nozzle  types.  The  needle  cone  of 
a  VCO  nozzle  itself  occludes  the  nozzle  hole  whereas  the  sac  hole  neelde  seals  the  gap 
between  the  needle  and  the  nozzle  body 


Figure  2:  Setup  of  the  common-rail  system:  1:  fuel  tank  with  low  pressure  pump  (0,15 
MPa),  2:  fuel  filter,  3:  high  pressure  pump  (up  to  135  MPa),  4:  pressure  regulating  valve, 
5:  high  pressure  vessel  (rail),  6:  fuel  injector  with  solenoid  valve  and  nozzle,  7:  safety 
valve,  8:  heat  exchanger,  9:  control  unit,  10:  pressure  transducer  (0-160  MPa) 


High  Pressure  Chamber 

A  high  pressure  chamber  was  used  to  investigate  the  fuel  jet  disintegration  and  the  spray  penetration 
under  variabel  ambient  pressure  but  constant  ambient  temperature  conditions.  The  chamber  provides 
an  optical  access  to  the  nozzle  from  three  different  directions.  It  was  designed  for  the  application  of 
several  measurement  techniques,  such  as  the  schlieren  and  the  shadow  imaging,  the  2D  Mie  scattering 
as  well  as  the  3D  short  time  holography  and  the  phase  doppler  particle  analyzing  technique. 
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Rapid  Compression  Machine 

For  experimonts  under  conditions  similar  to  those  in  a  real  engine,  a  rapid  compression  machine  (RCM) 
was  developed.  This  real  scale  R.CM  with  a  bore  of  78.3  mm  is  based  on  a  new  driving  concept.  It 
offers  optical  access  to  the  piston  bowl  from  four  directions,  as  shown  in  Fig.3.  The  RCM  simulates  one 
compression  stroke  of  an  engine  with  a  speed  of  up  to  3000  rpm. 


optical 


Figure  3:  Halfsection  of  the  Rapid  Compression  Machine  shows  the  simple  modular  con¬ 
struction  :  1;  cylinder  head,  2:  piston  bowl  with  windows,  3:  piston,  4:  mirror,  5: 
air  pressure  supply,  6:  mass  balance  piston  (also  driving  piston),  7:  throttle  aperture, 
8:  hydraulik  oil  filled  volume,  9:  adjustment  piston  for  the  compression  ratio 


Driven  by  pneumatic  pressure,  the  maximum  acceleration  of  the  piston  is  900  m/s  .  The  mass  balance 
cylinder  is  located  coaxial  to  a  connecting  pipe  on  which  the  piston  itself  is  plugged  on.  Both,  the 
mass  balance  cylinder  and  the  connecting  pipe,  coupled  with  hydraulic  oil,  accomplish  an  opposite  and 
concentric  movement,  which  provides  a  100%  mass  balance.  This  is  especially  important  for  optical 
measurements  in  order  to  avoid  vibrations  and  to  reduce  measurement  errors.  The  compression  ratio 
of  the  RCM  is  continuously  adjustable  in  a  range  of  e  =  8  to  e  =  25.  The  RCM  also  possesses  a  special 
shaped  ring  (forming  the  counterpart  to  the  mass  balance  weight),  mounted  on  top  of  the  stroke-adjust 
piston  (ref.  No.  7  in  Fig.3),  which  causes  an  orifice  flow  at  the  end  of  a  stroke  in  the  clearance  between 
the  mass  balance  weight  and  the  ring.  Close  to  the  top  dead  centre  this  leads  to  a  stroke  adjustment 
equal  to  the  motion  of  a  crank  mechanism. 


Figure  4:  Comparison  of  the  stroke  movement  between  a  real  engine  (100mm  stroke 
length)  and  the  RCM  states  an  acceptable  accordance  over  a  range  of  80  degree 
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Additionally  the  turbulence  intensity,  known  for  its  strong  influence  on  the  mixing  and  the  combustion 
process,  can  easily  become  adjusted  by  changing  the  swirl  mode  [11]. 

Finally  the  modular  built  up  RCM  with  its  screw  pluged  combustion  chamber  offers  experimental  rates 
up  to  15/h  since  the  transparent  parts  of  the  chamber  have  to  become  cleaned  after  each  stroke  in  order 
to  maintain  the  perfect  optical  access. 

3.  OPTICAL  MEASUREMENT  TECHNIQUES 

High-Speed  Cinematography 

A  sketch  of  the  experimental  setup  can  be  seen  in  Fig.5.  The  injection,  the  ignition  and  the  combustion 
process  in  the  RCM  was  visualized  by  means  of  a  digital  high-speed  camera  with  a  framerate  of  up  to 
40.500  frames/sec.  In  contrast  to  single  shot  imaging  techniques,  this  high-speed  camera  can  record 
1000  images,  which  provides  a  high  resolution  of  complex  transient  processes. 

In  combination  with  a  high  power  Argon-Ion-Laser  (7.5  W),  which  was  applied  for  a  Schlieren  and 
a  shadow  graph  setup,  the  fuel  injection  and  the  spray  penetration  was  observed  together  with  the 
combustion  process.  This  was  realized  by  the  usage  of  a  filter  combination  with  a  high  transmission  for 
the  light  of  the  laser  wavelength  and  a  low  transmission  for  the  light  spectrum  of  the  flame.  Due  to  the 
high  velocity  of  the  spray,  the  cw-Ar "'■-laser  was  chopped  by  means  of  an  acoustic-optical-modulator 
to  avoid  a  movement  blur. 


compression  ratio 
adjustment  piston 

-N 


throttle 

aperture 


Argon-Ion-Laser 


acoustic  optical  beam  expander  air  pressure 
modulator  (AOM)  with  pinhole  supply 


Figure  5:  Half  section  of  the  rapid  compression  machine  (RCM)  and  experimental  setup 
for  high-speed  cinematography 


Phase  Doppler  Pcu-ticle  Analysis 

The  principle  of  phase  doppler  particle  analysis  (PDPA)  can  be  found  elsewere  [2,3,5,10].  Therefore, 
only  the  application  of  this  measurement  technique  will  be  described  here.  Due  to  the  high  droplet 
concentration  a  high  laser  power  is  required  to  ensure  the  laser  beams  penetration  into  the  spray  center. 
Moreover,  the  measurement  volume  must  be  as  small  as  possible  to  avoid  that  several  droplets  pass 
the  measuring  volume  at  the  same  time.  -4  small  measurement  volume  decreases  measurement  errors 
due  to  the  slit  and  the  trajectory  effect  [1].  Furthermore  it  increases  the  intensity  of  the  diffracted 
light,  which  raises  the  signal  to  noise  ratio  (SNR).  The  fact,  that  on  the  one  hand  the  mean  droplet 
diameter  of  the  investigated  sprays  was  smaller  than  20/rm  and  on  the  other  hand  the  droplet  velocity 
in  the  center  of  the  spray  reached  more  than  300  m/s  forced  to  a  compromise  in  the  choice  of  the 
measurement  setup. 

To  get  a  small  measurement  volume  and  a  high  spatial  resolution  in  diameter,  the  focal  length  of  the 
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transmitting  probe  has  to  be  short  and  the  beam  separation  must  be  large.  The  high  velocity  of  the 
droplets,  however,  requires  a  large  fringe  spacing,  which  can  only  be  realized  by  a  narrow  crossing  angle 
of  the  laser  beams,  i.e.  a  large  focal  length  and  a  small  beam  separation. 

The  best  results  were  achieved  with  a  configuration  as  shown  in  Table  1.  Comparative  measurements 
of  the  PDPA  with  a  high  speed  camera  proved  that,  with  this  configuration,  the  PDPA  was  capable  of 
measuring  droplet  sizes  and  velocities,  even  in  the  very  dense  region  of  the  spray  tip  center. 

Table  1:  Configuration  of  the  PDPA  for  Measurements  in  a  High  Pressure  Diesel  Spray 


Measuring  volume 

diameter: 

47 

pLTn 

length: 

1.96 

mm 

fringe  spacing: 

10.6 

fj,m 

laser  power: 

500 

mW 

Measuring  setup 

scattering  mode: 

refraction 

scattering  angle: 

27 

degrees 

diameter  range: 

0.4  -  156 

pm 

velocity  range: 

0  -  372 

771 

^ _ 

Mie  Scattering 

In  order  to  investigate  the  fuel  jet  disintegration  and  the  spray  penetration  in  quiescent  air  the  Mie 
scattering  technique  together  with  a  high  resolution  CCD-Camera  (1280  *  1024  Pixel  12  kt  coloi^)  w^ 
applied  to  the  high  pressure  chamber.  The  spray  was  illuminated  with  a  flash  light  (I^NOLIGH  i ).  Al¬ 
though  this  measurement  technique  provides  only  one  image  of  a  single  injection,  it  offers  the  advantage 
of  short  exposure,  higher  resolution  and  an  easy  measurement  setup. 

A  RP.mTLTS  AND  DISCUSSION 


Spray  Properties 

Spray  penetration  and  spray  structure.  The  penetration  of  the  fuel  jet  of  VCO  nozzles  at  the 
beginning  of  the  injection  was  visualized  by  means  of  the  shadow  graph  imaging  technique.  The  accel¬ 
eration  of  the  spray  tip  results  from  the  decreasing  pressure  losses  and  throttle  effects  inside  the  nozzle, 
due  to  the  needle  stroke.  Therefore,  the  later  injected  fuel  passes  and  accelerates  the  spray  tip  (see 
Fig.6).  These  intense  throttle  effects  at  low  needle  lifts  of  VCO  nozzles  have  significant  influence  on 
the  spray  penetration,  the  spray  structure  and  the  mixture  formation.  The  spray  angle  of  the  VCO 
nozzles  reached  its  maximum  immediately  after  the  needle  opened  and  then  decreased  to  a  constant 
value  of  approximately  20°  at  the  investigated  engine  operating  conditions.  At  high  injection  pressures 
a  reincrease  of  the  spray  angle  during  needle  closure  was  observed.  The  sac  hole  nozzles,  however 
showed  a  constant  spray  angle  during  the  whole  injection.  In  contrast  to  the  sac  hole  nozzles,  most  of 
the  VCO  nozzles,  even  if  equipped  with  two  needle  guides,  created  a  nonsymmetrical  spray,  as  shown 
in  Fig.7.  This  is  caused  by  a  deviation  of  the  needle  tip  from  the  seat  center,  which  leads  to  a  strong 
throttle  effect  at  the  partly  occluded  holes  and  to  an  increase  in  the  fuel  jet  wlocity  at  opposite  holes. 
This  problem,  which  can  occur  at  low  needle  lifts,  is  intensified  by  two  facts.  On  the  one  hand  the  hig 
pressure  pump  permanentely  delivers  an  injection  pressure  of  up  to  135  MPa.  Therefore,  small  need  e 
deviations  already  have  a  strong  influence  on  the  spray  structure  from  the  beginning  of  injection  On 
the  other  hand  the  solenoid  controlled  common-rail  fuel  injector  has  a  slow  needle  opening  velocity,  so 
that  the  needle  remains  in  a  critical  partial  lift  for  a  relatively  long  time.  This  effect  plays  an  important 
role  for  the  proportioning  of  small  fuel  quantities,  as  it  is  needed  for  the  pilot  injection. 
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Figure  6:  Acceleration  of  the  spray  tip  at  the  beginning  of  the  injection;  VCO  nozzle  with 
nve  holes;  a  baffle  plate  was  mounted  for  observation  of  one  fuel  jet 


Figure  7:  Spray  structure  of  a  sac  hole  nozzle  (left  image)  and  a  VCO  nozzle  (right  image) 

Droplet  size  and  droplet  velocity.  Modern  Diesel  fuel  injection  systems  use  high  injection  pres¬ 
sures  and  nozzles  with  a  small  hole  diameter.  This  increases  the  turbulence  energy  of  the  spray  and 
ecreases  the  droplet  diameter.  Therefore  the  mixture  formation  as  well  as  the  evaporation  of  the 
droplets  is  accelerated. 

PDPA  measurements  of  the  droplet  sizes  and  the  droplet  velocities  were  carried  out  under  room 
temperature  conditions  and  variable  ambient  pressure  (up  to  2.0  MPa).  About  200  injections  were 
necessary  to  validate  20.000  droplets.  In  each  spray  50  spots  were  analyzed,  distributed  over  a  plane 
perpendicular  to  the  spray  axis  at  distances  of  20  mm  from  the  nozzle.  The  collected  data  was  post 
processed  to  calculate  a  time  resolved  arithmetical  mean  diameter  (Dio),  a  Sauter  mean  diameter 

PDF!  of  ^  appropriate  RMS  value  and  a  probability  density  function 

1  Y  “  size  and  the  droplet  velocity  distribution.  The  time  resolved  mean  values  were 

other  by  ISOps'""  ®  so  that  the  intervals  overlapped  each 

The  results  of  the  PDPA  experirnents  show  a  characteristic  and  reproducible  structure  in  the  time  series 
e  droplet  size  and  the  droplet  velocity  m  the  center  of  the  spray  (see  Fig.8).  With  an  increasing 
distance  frorn  the  center  of  the  spray,  the  turbulence  and  the  RMS  of  the  droplet  velocity  rises  while 
the  mean  velocity  decreases  rapidly.  This  results  from  the  fuel  jet  induced  vortexes,  the  shear  forces 
and  the  exchange  of  momentum  with  the  ambient  air. 

The  center  of  the  spray  tip  coveres  a  wide  range  of  velocities  from  80  m/s  up  to  more  than  300  m/s. 

e  highest  droplet  velocities  appear  right  behind  the  spray  tip  and  remain  at  a  constant  level  as  long 
as  the  needle  lift  is  constant.  At  the  end  of  the  injection  the  droplet  velocity  decreases  rapidly. 

One  reason  for  this  characteristic  course  is,  that  the  spray  was  injected  into  quiescent  air.  The  spray 
tip  was  decelerated  while  the  air  was  accelerated  due  to  an  exchange  of  momentum.  Therefore  the  air 


1371 


was  entrained  and  penetrated  into  the  spray.  This  reduced  the  drag  for  the  droplets  behind  the  spray 
tip  which  had  the  highest  velocity.  Consequently  these  droplets 

spray  tip.  This  led  to  a  rising  droplet  concentration  in  the  region  of  the  spray  tip  with  an  increase 
distance  to  the  nozzle. 
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Figure  8:  Time  series  of  the  droplet  velocity  and  the  mean  droplet  size  (Dio)  in  the  center 
of  a  high  pressure  Diesel  spray  (20.000  validated  droplets) 

At  ambient  pressnres  (01  MPa)  the  course  of  the 

Sira  kmbient  air  pressures  but  constant  injection  pressnres,  however,  show  an  srgnrfican.  mfluence 
of  the  air  density  on  the  droplet  velocity  and  the  droplet  size,  see  Fig.9. 
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Figure  9:  Influence  of  the  air  density  on  the  size  and  the  velocity  of  droplets  in  the  center 
of  the  spray 

At  higher  air  densities,  the  maximum  velocity  decreases  significantly  and  the  range  of  the  dro^et 
velocities  in  the  spray  tip  expands.  Droplets  with  almost  zero  velocity  were  measured.  At  the  same  tim  , 

the  droplet  sice  in  the  spray  tip  decreases,  while  belnnd  the  spray  tip  *^P>«  TiggeTTs]  The 
the  Santer  mean  diameter  increases.  Similar  results  were  found  by  Payr.  et.  td  (1996)  [81  ^e 
distribution  of  the  mean  droplet  size  and  the  mean  velocity  m  a  plane  perpendicular  to  the  spray  ^ 
is  shown  in  Fig  10  The  mean  values  were  calculated  in  a  time  interval  with  constant  needle  lift.  The 
highest  velocitfes  and  biggest  droplets  appear  in  the  center  of  the  spray.  The  velocity  distribution  has 
S;  fh  ralnttLrds  thfedge  ome  spray  with  peak  values  of  up  to  260  m/s  in  “nter  and  ou^  2 
m/s  at  spots  1.5  mm  away  from  there.  The  mean  droplet  diameter  decreases  from  10  fim  in  the  center 

down  to  4  nm  at  the  edge  of  the  spray. 
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Mixture  Formation  and  Evaporation 

The  mixture  formattan  and  the  evaporation  without  combustion  was  investigated  in  the  RCM 
Therefore  the  an  mside  the  RCM  was  repiaced  by  nitrosen.  Images  from  a  high-speTd  video  of  the  fiml 
injection  into  the  piston  bowl  are  shown  in  Fig.u.  In  this  case  a  pilot  injeairS  foel  L  I 
^ection  pressure  of  80  MPa  was  realized.  It  can  clearly  be  seen,  that  the  ira,  ofth  So“ie«ion 


Evaporation  of  a  pilot  injection  (2mg  fuel  mass,  injection  pressure  80  MPa) 
Time  interval  between  two  images  is  74/is.  «!>s>ure  ou  ivi±-a]. 

However,  the  fuel  of  the  main  injection  (15  mg)  in  Fig.l2,  which  has  a  higher  needle  stroke  and 
therefore  a  higher  fuel  jet  speed,  reaches  the  piston  bowl  wall  after  SOO/is.  tL  swirl  which  rotated 

S^r/fte  fhT  "  "Snificant  influence  on  the  spr^^penet^ 

22t^l  decelerated  and  partly  evaporated,  the  swirl  affects  the  spray  motion  An 

essential  increase  in  the  momentum  of  the  swirl,  i.e.  the  swirl  speed,  would  be  necessary  to  imorove  the 

sTstems  Srhth"nWF  ’  ^  common-rail 

SdTswTrl  eSr^Tto^  reduces  the 

neea  ot  swirl  energy  to  produce  the  necessary  mixture  formation  energy. 

The  fuel  of  the  pilot  injection  (see  Fig.ll)  evaporates  completely  within  400/is  and  the  fuel  of  the 
mam  injection  within  600/is  (see  Fig.l2)  after  the  begin  of  its  injection.  A  signfficant  d  fference  Z  the 
evaporation^  processes  of  VCO  nozzles  and  sac  hole  nozzles  was  not  observed  F^ure 

complete  injection  sequence  including  pilot  and  main  injection  (lmg/15mg)  using\  VCO  nozzle  with 
SIX  holes  (combustion  suppressed  by  nitrogen).  ^  nozzle  with 
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Figure  12=  Evaporation  of  an  underload  main  injection  (15mg  fuel  mass,  injection  pressure 
80  MPa).  Time  interval  between  two  images  is  74/iS. 
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Ignition  and  Combustion 


The  common-rail  fuel  injection  system  produces  droplets  of  less  than  20^lm,  which  evaporate  rapidly 
This  led  to  a  short  ignition  delay  and  a  continued  combustion  of  the  fuel  during  the  injection.  Therefore 
together  with  pi  ot  injection,  a  significant  reduction  of  the  ignition  delay  of  the  main  injection  can  be 

realized,  especially  when  the  fuel  jet  of  the  main  injection  penetrates  through  the  flame  of  the  pilot 
injection  (see  Fig.  14).  ^ 


Figure  14:  Ignition  of  a  mam  injection  with  swirl  penetrating  the  rest  of  a  pilot  flame 
(partly  visible  m  the  first  picture).  Typical  for  this  kind  of  combustion  is  the  ignition 
along  the  fuel  jet  from  the  center  to  the  piston  bowl  wall.  Due  to  the  air  motion  the  jet 
Ignites  at  the  averted  side  of  the  swirl. 


pmpared  to  conventional  fuel  injection  systems,  not  the  entire  amount  of  heat  is  released  at  once 
because  the  ignition  and  combustion  starts  while  the  fuel  is  still  injected.  This  causes  a  smoother 
pressure  and  temperature  gradient  which  generally  reduces  the  noise  and  the  NO^  emission  The 
Ignition  always  started  at  the  sprayside  which  was  averted  to  the  swirl,  since  the  fuel  vapor  was 
washed  out  of  the  spray  and  formed  an  ignitable  fuel/air  mixture.  This  ignitable  mixture  remained 
an  eddy  region  behind  the  spray  until  the  ignition  started  (see  Fig.l4).  Though  the  swirl  does 
ot  have  a  significant  influence  on  the  spray  penetration,  it  has  a  strong  influence  on  the  igni- 
tion  and  the  flame  propagation  and  therefore  improves  the  utilization  of  the  air  charge.  In  case  of 
VCO  nozzles  experiments  without  swirl  showed,  that  the  ignition  is  frequently  located  nearby  the  nozzle. 


The  fuel,  which  is  injected  first,  has  a  lack  of  momentum  and  therefore  a  short  penetration  depth  It 
evaporates  and  remames  near  the  nozzle  until  the  ignition  delay  passes.  After  the  ignition  nearby  the 
nozzle,  the  flame  propagates  very  fast  along  the  fuel  jets  towards  the  wall  of  the  piston  bowl  where 
It  usually  remains  (see  Fig.15/16/17).  This  is  caused  by  the  high  momentum  of  the  main  injection. 
The  spray  interacted  with  the  wall  and  wetted  the  wall,  which  had  a  too  low  temperature  for  instant 

S^wf  T"-  H  m  from  the  wall.  Consequently,  a  heatable  piston 

rivliTh  which  will  be  used  for  further  investigations.  The  use  of  sac  hole  nozzles  cLsed, 

gven  the  same  conditions,  an  ignition  of  the  load  along  the  later  parts  of  the  fuel  jet  closer  to  the  wall, 
cut  the  mam  combustion  also  took  place  nearby  the  piston  bowl  border. 


Furthermore  a  reduction  of  the  swirl  speed  was  to  be  seen  due  to  the  fuel 
perpendicular  to  the  air  motion.  Dependent  on  the  fuel  mass  (underload  fuel 
speed  approximately  becomes  reduced  by  factor  0.8. 


mass  which  was  injected 
mass  assumed)  the  swirl 
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Figure  15:  Evaporation  of  the  spray  and  combustion  of  the  fuel  vapor  -  Measurement 
coLitions  are  the  same  as  in  Fig.13  (but  without  mtrogen) 


Figure  16:  Evaporation  of  the  spray  and  combustion  of  the  fuel  ^porwhhout^wH^^^^ 

without  pilot  Injection  using  a  piezoelectric  injector.  Mam  injection.  15  g,  P 
pressure:  8  MPa;  injection  pressure:  80  MPa; 


1376 


Figure  17:  Evaporation  of  the  spray  and  combustion  of  the  fuel  vapor  with  swirl  and  pilot 
injection  using  a  piezoelectric  injector.  Chamber  conditions  are  the  same  as  inl6.  Pilot 
injection:  1  mg;  main  injection:  15  mg;  compression  pressure:  8  MPa;  injection  pressure: 

on  TV . .  **  * 


One  of  the  most  promissing  developments  concerning  improvements  of  the  spray  behaviour  aim  to  a 
new  neddle  opening  technique  realized  by  using  a  piezo  electrical  crystal.  This  way  throttle  effects  due 
to  slow  needle  lifts  become  minimized  based  on  the  time  for  a  neele  lift  of  less  than  a  third  compared  to 
a  common  magnetic  driven  injector.  Combined  with  a  Common  Rail  System  it  is  conceivable  to  apply 
up  to  five  pilot/post  injections  for  each  single  compression  stroke  obtaining  acceptable  spray  properties. 

Exhaust  gas  recirculation  (EGR)  has  been  shown  to  be  an  effective  means  to  control  NOx  emission  [6]. 
The  exhaust  gas  dilutes  the  air  by  a  reduction  of  the  availability  of  oxygen,  which  lowers  the  flame 
temperature  in  rich  regions  and  therefore  reduces  the  formation  of  NO^.  For  investigations  of  the 
ignition  and  the  combustion  process  with  EGR  in  the  RCM,  the  exhaust  gas  of  a  Diesel  engine  was 
mixed  with  air  until  an  EGR-rate  of  40%  was  obtained.  The  first  results  of  experiments  with  EGR 
showed  an  increase  of  the  ignition  delay  as  well  as  a  smoother  pressure  rise  and  a  weaker  light  emission 
of  the  flame.  Further  measurements  concerning  EGR  are  still  in  progress. 

5.  SUMMARY,  CONCLUSIONS  AND  OUTLOOK 

In  this  paper,  the  application  of  modern  optical  measurement  techniques  for  investigations  of  the 
mixture  formation  and  the  combustion  process  in  direct  injecting  Diesel  engines  is  presented.  The 
measurements  were  carried  out  in  a  rapid  compression  machine  (RCM)  and  in  a  high  pressure  chamber 
m  order  to  analyze  the  performance  of  solenoid  controlled  common-rail  fuel  injection  systems. 

Common-rail  fuel  injection  systems  have  a  high  potential  for  the  reduction  of  soot  and  NOx  to  meet 
future  emission  legislation.  The  constant  injection  pressure  of  up  to  135  MPa  improves  fuel  atomization, 
also  at  the  beginning  and  the  end  of  injection,  especially  at  low  engine  speed  and  under  load  condition. 
The  high  velocity  of  the  fuel  jet  and  the  fuel  droplets  cause  a  high  turbulence  energy  and  therefore 
reduces  the  need  of  swirl  energy  to  reach  a  necessary  mixture  formation.  The  flexible  electronically 
control  of  the  begin  of  injection  and  the  possibility  for  multiple  injections  can  lower  the  noise  and  NOx 
as  well  as  the  particulates  emission. 


Beside  the  discussed  advantages,  there  are  still  problems  which  have  to  be  solved,  such  as  an  unsatisfied 
manufacturing  accuracy  of  the  nozzles  leading  to  a  nonsymmetrical  spray  structure  and  a  difficult 
proportioning  of  small  fuel  quantities.  This  is  also  intensified  by  the  relatively  slow  needle  motion. 
This  might  be  eliminated  by  the  use  of  piezo-electrical  controlled  fuel  injectors,  which  can  open  and 
close  the  needle  up  to  three  times  faster  than  solenoid  controlled  fuel  injectors.  Therefore  this  promising 
new  technology  will  be  the  subject  of  further  investigations. 
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NOMENCLATURE 

i=n 

^10  ^  X)  Di  Arithmetical  mean  diameter  Pa  Ambient  pressure 

‘=1  Pinj  Injection  pressure 

t  =n 

D32  —  Sauter  mean  diameter 
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ABSTRACT.  In  the  research  project  "Directly  Injecting  Hydrogen  Diesel  Engine  with  High  Power  Density 
and  Low  Emissions",  the  basis  for  the  use  of  a  large  bore  diesel  engine  fueled  with  hydrogen  was  investigated. 
The  project  partners  were  the  MAN  B&W  Diesel  AG  [1],  the  Lehrstuhl  fur  Verbrennungskraftmaschinen  und 
Kraftfahrzeuge  (LVK)  and  the  Lehrstuhl  A  fur  Thermodynamik  (LAT).  The  LAT  investigated  mixture  forma¬ 
tion,  ignition  and  combustion  processes  with  modem  optical  measurement  techniques,  in  a  newly  developed 
rapid  compression  machine  (RCM)  and  with  numerical  simulations.  The  investigations  delivered  a  set  of  suit¬ 
able  thermodynamic  parameters  for  the  operation  of  the  engine.  In  addition,  optimized  geometries  for  the  noz¬ 
zle  design  were  found  out.  A  new  concept  for  a  high  pressure  hydrogen  injection  system  with  variable  needle 
lift  was  setup  and  investigated. 

1.  INTRODUCTION 

The  development  of  new  concepts  for  internal  combustion  (i.c.)  engines  with  alternative  fuels  requires  a  de¬ 
tailed  investigation  of  internal  processes  especially  of  the  properties  of  the  new  fuel  and  necessary  components. 
Thermodynamic  and  chemical  properties  of  hydrogen,  for  use  in  compression  ignition  engines,  are  completely 
different  compared  to  properties  of  diesel  fuel.  The  autoignition  temperature  of  hydrogen  is  with  850  K  much 
higher  compared  to  diesel  with  values  of  520  K.  In  addition,  hydrogen  is  gaseous  down  to  very  low  tempera¬ 
tures  of -253°C.  Due  to  high  pressure,  it  is  impossible  to  liquefy  hydrogen  at  room  temperature.  A  high  laminar 
combustion  velocity  (2.3  m/s  for  an  equivalence  ratio  of  1)  and  wide  ignition  limits  between  A.  =  0.14  -  10,  lead 
to  a  different  combustion  behavior  when  compared  to  diesel  fuel.  The  design  of  the  engine  concept  was  influ¬ 
enced  by  properties  of  hydrogen  and  the  use  in  large  bore  engines  with  high  power  density.  The  engine  is 
driven  with  late  inner  mixture  formation  and  compression  ignition.  For  the  mixture  formation  a  new  electro- 
hydraulic  controlled  high  pressure  gas  injection  system  was  developed.  The  highly  pressurized  hydrogen  is  in¬ 
jected  gaseously  into  the  combustion  chamber  near  top  dead  center  (TDC). 

2.  EXPERIMENTED  SETUP 

Optical  measurement  techniques  allow  a  detailed  study  of  the  mixture  formation,  ignition  and  combustion  pro¬ 
cess  with  high  temporal  and  spatial  resolution.  A  new  type  of  rapid  compression  machine,  which  allows  the  in¬ 
vestigation  of  the  internal  processes  under  realistic  conditions  was  developed  at  LAT.  The  RCM  allows  an  easy 
variation  of  the  thermodynamic  conditions,  such  as  load  pressure  and  temperature,  and  geometry  such  as  the 
compression  ratio  (c  <=  30)  and  the  form  of  the  combustion  chamber.  In  addition,  it  is  possible  to  vaiy  the  flow 
conditions  in  the  cylinder  (swirl).  The  adaptation  of  the  cylinder  head  for  the  application  of  different  injection 
systems  is  possible  with  little  expenses.  The  maximum  combustion  pressure  is  limited  to  200  bar  due  to  optical 
access  through  quartz  windows. 

In  Fig.  1,  a  cross-section  of  the  rapid  compression  machine  is  shown.  A  large  window  (0=200  mm, 
d=100  mm)  in  the  piston  allows  a  nearly  complete  look  into  the  combustion  chamber.  Two  additional  windows 
at  both  sides  give  access  to  the  combustion  chamber  for  laser  light  sheets. 

The  operation  of  the  machine  is  based  on  the  opposite  movement  of  two  concentric  pistons,  a  compression 
piston  and  a  mass  balance  piston  (outer  piston).  Both  pistons  are  connected  to  an  oil  cushion.  The  pistons  are 
driven  by  pressurized  air  (10  —  60  bar),  supplied  from  three  50  liter  bottles.  The  pressurized  air  accelerates  the 
outer  piston. 
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Fig.  1:  Cross-section  of  the  rapid  compression  machine  with  the  pistons  in  two  positions 
(top:  initial  position,  bottom:  top  dead  center) 

Despite  the  high  acceleration  forces  of  about  270  kN,  the  machine  nearly  operates  without  any  vibrations  due  to 
the  total  mass  balance  of  the  two  pistons.  At  the  beginning  of  the  experiments,  the  pistons  are  in  their  initial  po¬ 
sitions  (top  of  Fig.  1).  The  compression  stroke  is  started  by  opening  the  small  bypass  valve,  through  which  both 
pistons  begin  to'move  slowly.  The  compression  piston  functions  as  a  large,  fast  switching  valve.  When  the 
compression  piston  leaves  the  large  sealing,  the  big  overflow  openings  are  opened  and  the  pistons  accelerate  to 
velocities  of  10  to  15  m/s.  The  air  in  the  combustion  chamber  is  compressed  by  the  compression  piston  in  real¬ 
istic  time.  After  the  compression  stroke,  both  pistons  move  back  in  direction  of  their  initial  positions,  just  as  on 
an  air  spring.  In  Fig.  2,  the  piston  position  and  pressure  is  shown  for  a  single  compression  without  injection  and 
combustiom  In  the  vicinity  of  TDC,  the  pressure  of  the  RCM  corresponds  very  well  with  the  values  of  the  sin¬ 
gle  cylinder  engine.  The  injection  system  can  be  electronically  triggered,  depending  on  the  position  of  the  pis¬ 
ton. 


compression  cyde 


time  [nisi 


Fig.  2:  Piston  position  and  pressure  during  a  compression  and  expansion  stroke  of  the 
'rapid  compression  machine  compared  to  a  single  cylinder  large  bore  test  engine. 
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3.  OPTICAL  MEASUREMENT  TECHNIQUES 


For  the  experimental  investigation  with  high  temporal  resolution,  two  setups  [2]  were  used;  a 
Schlieren/Shadow  technique  and  a  Fluorescence  technique  in  combination  with  a  digital  high-speed  camera. 
The  Schlieren/Shadow-technique  is  necessary,  to  make  the  gaseous  hydrogen  visible  during  the  injection  proc¬ 
ess.  This  technique  uses  the  effect  of  the  distortion  of  the  parallel  laser  light  due  to  variations  of  the  optical 
density  (refraction  index)  on  the  light  path  through  the  combustion  chamber.  The  setup  for  this  technique  is 
shown  in  Fig.  3  with  the  RCM  and  the  optical  equipment  (Ar-Ion  laser  with  an  opto  acoustic  chopper,  lenses, 
mirrors  and  the  high-speed  camera).  For  the  investigation  of  the  ignition  and  combustion  process,  the  self  fluo¬ 
rescence  cinematography  is  used.  The  camera  detects  the  light  which  is  emitted  during  the  hydrogen  combus¬ 
tion.  A  large  part  of  the  light  emission  is  located  in  the  UV  range  around  308  nm  which  arrives  from  the  OH- 
molecule.  Therefore,  the  camera  and  the  objective  have  to  be  sensitive  in  the  UV-range.  The  combination  of 
both  techniques  allow  a  simultaneous  detection  of  the  mixture  formation  and  the  ignition  process.  The  experi¬ 
ments  were  carried  out  with  frame  rates  between  4500  Hz  and  40500  Hz. 


high  speed 
video  camera 
f=4.500-40.500  Hz' 


Fig.  3:  Sehlieren/Shadow  setup  with  the  rapid  compression  machine 


4.  MIXTURE  FORMATION 

The  use  of  the  Schlieren/Shadow  setup  as  shown,  allows  an  investigation  of  spatial  and  temporal  behavior  of 
high  pressure  injection  of  hydrogen  into  the  combustion  chamber.  In  Fig.  4,  images  of  the  mixture  formation 
for  different  types  of  nozzles  are  shown.  In  the  vicinity  of  the  nozzle  -  at  the  beginning  of  the  injection  period  - 
the  hydrogen  jet  propagates  with  the  highest  velocity  up  to  160  m/s  into  the  combustion  chamber.  Due  to  high 
density  of  compressed  air  near  top  dead  center  and  a  small  momentum  of  the  hydrogen  jet,  the  penetration 
speed  decreases,  within  a  few  centimeters  from  the  nozzle,  down  to  values  of  10  to  20  m/s.  Despite  the  high 
velocity  of  hydrogen  in  the  smallest  cross-section  of  the  nozzle  of  1400  m/s  (speed  of  sound  of  hydrogen),  the 
momentum  of  the  jet  is  very  low,  due  to  the  low  mass  density. 

The  experiments  have  been  carried  out  with  different  geometries  of  the  nozzles  and  bore  diameters  between  0,2 
and  1,0  mm.  Large  bore  diameters  lead  to  higher  propagation  speeds  and  faster  utilization  of  the  whole  com¬ 
bustion  chamber,  owing  to  a  higher  momentum  of  the  hydrogen  jet.  A  higher  number  of  small  bores,  with  an 
equivalent  total  cross-section  leads  to  faster  homogenization  of  hydrogen  air  mixture,  especially  at  the  begin¬ 
ning  of  the  injection  period. 

Among  the  nozzle  geometry,  the  pressure  in  the  combustion  chamber  and  the  position  of  the  piston  play  a  deci¬ 
sive  role  referring  to  the  mixture  formation.  It  can  be  seen  in  Fig.  5  (top),  that  the  hydrogen  propagates  very 
fast  and  unhindered,  in  form  of  narrow  jets  up  to  the  cylinder  walls. 
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Fig.  4:  Schlieren/Shadow  images  of  the  mixture  formation  for  different  types  of  nozzles 
(top:  6x0,8  mm,  middle:  7x0,7  mm,  bottom:  18x0,5  mm) 


Early  Injection:  low  pres!>iirc  and  low  mass  density  in  the 


Late  Injection:  hish  pressure  and  high  mass  density  in  the  combustion  chamber 


Fig.  5:  Schlieren/Shadow  images  of  the  mixture  formation  for  different  conditions 
in  the  combustion  chamber  (top:  Piston  40  mm  before  TDC,  bottom:  piston  near  TDC) 
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At  a  later  injection,  the  hydrogen  Jet  is  slowed  down  significantly  and  expanded  in  diameter.  A  higher  air  den¬ 
sity  and  effects  of  the  vicinity  of  walls  (layout  of  the  piston,  and  cylinder  walls)  are  the  reason  for  the  different 
behavior. 


5.  COMBUSTION 


Fig.  6:  Stable  combustion  with  late  internal  mixture  formation 
and  compression  ignition  at  high  temperatures 

The  experiments  showed  that  it  is  possible  to  achieve  autoignition  of  hydrogen.  In  Fig.  6,  a  stable  combustion 
with  late  internal  mixture  formation  and  compression  ignition  is  shown.  All  jets  are  ignited  symmetrically  and 
immediately  in  the  vicinity  of  the  nozzle.  In  order  to  reach  autoignition  considerably  higher  temperatures  are 
necessary  for  hydrogen  in  comparison  to  diesel.  In  the  experiment  shown,  the  compression  ratio  was  about  25. 
Owing  to  different  thermal  conditions,  it  has  to  be  taken  into  account  that  the  compression  ratio  of  the  engine 
could  be  slightly  reduced. 

For  lower  compression  ratios,  respectively  the  compression  end  ternperamres,  the  times  for  ignition  delays  are 
increased  up  to  some  milliseconds.  In  most  cases,  small  variations  of  thermodynamic  boundary  conditions  or 
spatial  inhomogenities  at  the  beginning  of  the  injection  period  lead  to  large  variations  in  the  combustion  proc¬ 
ess,  which  cause  cyclic  variations  of  the  pressure  curves.  In  Fig.  7,  an  example  for  an  irregular  combustion  is 
shown.  Only  four  of  six  injected  hydrogen  jets  are  ignited.  In  other  experiments,  all  possibilities  of  the  ignition 
of  one  to  all  jets  have  been  observed.  A  total  miss  fire  was  observed,  too.  The  same  results  were  found  in  the 
single  cylinder  test  engine  at  LVK  [3]. 


Fig.  7:  Origin  of  cyclic  variations:  unstable  ignition  and  insufficient  flame  propagation 

at  low  temperatures 
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A  much  better  combustion  behavior  is  observed  with  nozzles  with  a  higher  number  of  small  bores.  In  these 
cases  better  homogenization  of  the  hydrogen  air  mixture  and  according  spatial  connected  combustible  regions 
occur  immediately  after  injection  begin.  This  is  a  requirement  for  a  stable  and  reproducible  combustion.  The 
application  of  small  bores  caused  a  slower  utilization  of  the  whole  combustion  chamber.  In  order  to  ™Pro''e 
the  situation,  an  optimized  combination  nozzle  was  set  up.  This  combines  the  positive  properties  of  small  and 
large  bores.  A  typical  combustion  process  of  nozzles  of  that  category  can  be  seen  in  Fig.  8. 


Fig.  8:  Optimized  nozzle  for  a  better  ignition  and  utilization  of  the  combustion  chamber 
(18  hole  nozzle:  6x0.6  mm  +  12x0.4  mm) 

The  i<jnition  occurs  in  a  single  position  and  propagates  within  a  millisecond  around  the  nozzle.  The  jets  ftom 
the  bbt^er  holes  improve  the  induced  turbulence  as  well  as  the  mixture  formation,  especially  at  the  end  of  the 
injection  and  combustion  period.  In  comparison  to  diesel  engines,  the  combustion  is  finished  earlier  after  the 
end  of  injection.  Depending  on  the  configuration,  the  combustion  continues  for  about  one  millisecond  after  the 

end  of  injection. 


6.  NUMERICAL  SIMULATIONS 

From  experiments  it  was  observed,  that  the  form  of  the  injected  hydrogen  jets  is  kept  for  a  long  time  and  that 
they  si'Jnificantly  influence  the  combustion  process.  During  the  research  project,  according  to  experimental  in- 
vesti'^ations,  numerical  simulations  of  the  mixture  formation  and  the  ignition  process  have  been  carried  out 
The  calculations  were  done  with  the  piston  resting  in  the  vicinity  of  TDC  and  with  the  take  of  the  advantage  of 
symmetry  properties  of  the  geometry. 

An  example  of  the  mixture  formation  of  a  8  hole  nozzle  with  a  bore  diameter  of  0.6  mm,  is  shown  in  Fig.  9. 
The  viewpoint  is  chosen  perpendicular  to  the  vertical  axis  of  symmetry.  In  the  shown  example,  hydrogen  was 
injected  with  300  bar  and  300  K  into  the  combustion  chamber  with  a  pressure  of  100  bar  and  a  temperature  of 
1000  K  In  Fi“  9,  both,  the  temporal  propagation  of  the  concentration  and  the  distribution  of  the  temperature 
can  be  seen.  The  mixing  of  the  injected  cold  hydrogen  with  the  hot  air  causes  a  minimum  temperature  in  the 
center  of  the  jet.  Owing  to  the  great  temperature  gradient  only  in  a  small  region  around  the  jet,  good  ignition 
conditions  with  high  enough  temperature  and  hydrogen  concentration  are  found.  These  ignitable  areas  are 
hatched  in  gray.  The  regions  are  found  around  the  10%  (volume  percent)  isoline  of  the  concentration  profile. 
The  reason  for  the  short  ignition  delays  in  the  lean  regions  (A.  «  3.8)  can  be  explained  with  the  sUong  tempera¬ 
ture  dependence  of  the  chemical  reaction. 

A  careful  analysis  of  the  chemical  processes  during  the  ignition  is  possible  with  detailed  reaction  chemistry  [4]. 
The  calculations  have  been  carried  out  in  a  zero  dimensional  “well  stirred  reactor.  It  was  assumed  to  simplify 
the  problem  that  the  hydrogen  air  mixture  reacts  in  a  closed  container  without  any  influence  of  walls  and  flow 
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condition.  With  this  method,  it  is  possible  to  separately  study  the  influences  of  different  thermodynamic  condi¬ 
tions. 


Fig.  9:  Propagation  of  the  concentration  and  temperature  profiles 
during  the  injection  process  (without  combustion) 

Inn  order  to  use  this  method  for  late  internal  mixture  formation,  the  conditions  for  pressure  and  temperature  of 
compressed  air  and  injected  hydrogen  were  fixed.  The  mixture  of  hot  air  and  cold  hydrogen  leads  to  a  mixing 
temperature  depending  on  the  hydrogen  concentration.  It  can  be  found  out  that  the  mixing  temperature  is  sig¬ 
nificantly  lower  than  the  compression  end-temperature  and  has  great  influence  on  the  temporal  process  of  the 
chemical  reaction.  In  Fig.  10,  the  influence  of  the  compression  end  temperature  TL  on  the  ignition  delay  is 
shown.  The  ignition  delay  is  plotted  over  the  local  hydrogen  concentration.  Obviously,  for  lower  temperatures 
of  TL,  a  clear  minimum  of  ignition  delay  can  be  found  in  the  range  of  10  volume  percent  for  the  hydrogen  con¬ 
centration.  The  ignition  occurs  for  an  operation  according  to  the  diesel  principle  at  much  higher  temperatures 
than  the  theoretical  autoignition  temperature  of  850  K.  The  necessity  of  high  temperatures  is  confirmed  by  own 
experiments  and  investigations  by  Siebers  [5], 


Ignition  delay  of  the  hydrogen  air  mixture,  r(H)=300  K,  P=100  bar 
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Fig.  10:  Calculated  ignition  delay  depending  on  compression  end  temperature 
and  hydrogen  concentration. 
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7.  VARIABLE  INJECTION  SYSTEM 

Lon<^  ignition  delays,  a  high  flow  rate  during  injection,  and  a  higher  number  of  bore  holes  lead  to  a  high  pres- 
sure'ris'e  after  ignition.  With  a  new  injection  system,  which  was  designed  at  LAT,  it  is  possible  to  control  the 
velocity  of  the  needle  lift.  In  Fig.  1 1  the  principle  of  the  injector  and  two  plots  of  needle  lifts  wfth  pre-injection 
and  different  opening  characteristics  are  shown.  With  such  a  system  it  is  possible  to  start  the  injection  earlier 
before  top  dead  center  to  improve  the  ignition  behavior  without  risking  the  danger  of  knocking  or  hard  corn- 
bustion  Especially,  the  amount  of  hydrogen  which  is  injected  during  pre-injection,  can  be  reduced  signifi¬ 
cantly,  if  a  slow  needle  lift  is  possible.  In  both  plots,  the  minimal  pulse  length,  which  is  two  milliseconds,  was 
applied  to  the  magnetic  valve  of  the  injection  system. 


Fig.  11:  Optimized  injection  system  with  variable  needle  lift. 


8.  SUMMARY  AND  OUTLOOK 

The  properties  and  phenomenon’s  of  the  internal  processes  of  hydrogen  engine,  were  investigated  at  the 
Lehrstuhl  A  fur  Thermodynamik  within  the  scope  of  the  research  project,  “Directly  Injecting  Hydrogen  Diese 
Engine  with  High  Power  Density  and  Low  Emissions”.  For  the  investigations,  a  newly  developed  experimental 
setup  with  optical  access  as  well  as  numerical  simulations  are  used. 

The  recoil  free  architecture  of  the  RCM  allows  realistic  imitation  of  the  compression  and  expansion  stroke  of  a 
lar<^e  bore  diesel  engine,  and  the  simultaneous  observation  of  the  mixture  formation,  ignition,  and  combustion 
with  hi-h  spatial  and  temporal  resolution.  With  the  digital  image  capture  system  frame  rates  between  4500  and 
40500  pictures  per  second  were  achieved.  The  mixture  formation  was  analyzed  with  Schlieren/Shadow  cme- 
matof^raphy.  For  the  investigation  of  the  combustion  process  the  light  of  the  self  fluorescence  was  detected. 
According  to  experimental  investigations,  the  mixture  formation  was  simulated  with  three  dimensional  numeri¬ 
cal  flow  calculations.  The  ignition  delay  of  the  hydrogen  air  mixture  was  analyzed  with  zero  dimensional 
simulations  of  the  detailed  chemistry. 

The  experiments  proved  the  possibility  of  compression  ignition  of  hydrogen  in  a  large  bore  engine.  In  compari¬ 
son  to  diesel,  significantly  higher  temperatures  are  necessary.  Temperatures  over  1000  K  are  necessary  to  get 
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autoignition  in  combination  with  late  internal  mixture  formation.  Ignition  delays  under  one  millisecond  can  be 
achieved  with  temperatures  over  1 1 00  K. 

The  experimental  and  numerical  investigations  of  the  mixture  formation  and  ignition  process  deliver  different 
reasonable  combinations  of  nozzle  geometries  and  piston  layouts.  It  has  to  be  considered  that  the  temporal 
control  of  injection  depends  on  the  applied  configuration. 

With  regard  to  a  successful  implementation  of  a  method  for  hydrogen  combustion  in  large  bore  diesel  engines, 
the  injection  system  plays  a  significant  role.  Therefore,  the  electromagnetic  and  hydraulic  controlled  injection 
system  used,  was  significantly  improved  and  redesigned  at  LAT  for  better  control  of  needle  lift  (variable 
opening  speed  of  the  needle)  and  the  possibility  of  multiple  injection. 

Both,  the  experimental  and  theoretical  investigations,  and  the  new  developed  components  are  the  basic  ele¬ 
ments  for  future  developments  of  large  bore  hydrogen  engines. 
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ABSTRACT.  Smart  engine  technology  (SET)  attracts  a  great  deal  of  attentions  from  researchers  and  engineers 
around  the  world  in  recent  ten  years.  A  "smart  engine"  utilizes  modern  control  technologies  to  increase  the 
nerformance  of  its  components.  The  researches  involve  multiple  disciplines  including  fluid  mechanics,  hea 
transfer  control  nonlinear  sciences,  computational  dynamics,  and  even  statistics.  While  ideally  every  engine 
X^'enrcSi  be  made  •'smar,-.  d.e  re«n,  focuses  am  on  compressor  smbility  and  control  -^o-bus  0" 
control  In  this  paper,  recently  developed  ideas  on  compressor  stability  control  are  comp^ed  with  each  othe  . 
The  criteria  of  comparison  include  not  only  the  performance  improvement  but  also  the  affordability,  relia  1 1  y 
and  supportability,  all  of  which  are  very  important  from  an  implementation  point  of  view  The  projects  for 
irSch  arc  suggested  as  the  compartsons  are  concluded.  Srnce  SET  is  still  under 

ideas  are  subject  to  the  test  of  time,  it  is  in  some  sense  too  premature  to  be  reviewed  or  surveyed.  With  this  in 
mind  this  article  is  not  trying  to  cover  the  whole  spectrum  of  this  rich  research  mix.  Instead,  the  comparisons 
and  suggestions  are  made  to  draw  some  useM  outlines  of  current  progr^ses  and  highijght  *■=  3™ 
that  need  more  resolution.  The  author  is  in  hope  that  the  information  m  this  article  can  benefit  China  in  starting 

systematic  SET  researches  for  its  power  industry. 

1.  INTRODUCTION 

The  technolo'^y  progresses  not  only  create  many  new  exciting  disciplines  but  also  revitalizes  traditional 
en-ineerin-  fields.  Often,  applications  of  new  technology  release  the  design  constraints  imposed  by  fraditiona 
desic’n  tools  and  approach  and  therefore  improve  the  performance  of  the  engineering  systems.  In  return  the 
huge  benefit  one  thus  obtains  stimulates  the  further  development  of  new  technologies.  As  ^ 
revitalization  of  traditional  engineering  fields  is  always  one  of  the  major  driving  forces  for  new  techno  „y 
development.  For  instance,  the  space  exploration  program  leads  to  not  only  successful  lunar  launches  but 
invention  of  electronic  computers.  It  is  the  latter  that  profoundly  changes  the  history  of  Thejese^ch 

of  smart  engine  technology  (SET)  contributes  to  new  technology  development  in  a  similar  fashion.  If  sucoesstu 
hnTonfy  revolutionized  gas  turbines,  which  brings  huge  benefit  to  the  industry  and  its  customer,  but  also 
stimulates  the  development  of  modern  linear/nonlinear  control  theories  and  practices,  Micro-Electro-Mechanical 
Systems  (MEMS),  digital  signal  processing  (DSP),  and  many  more. 

A  “smart”  engine  means  its  components  are  being  actively  controlled  so  that  their  performance  improves.  For 

instance,  rotating  stall  and  surge,  the  two  modes  of  compressor  instability  limits  the  ^®''|®"YinZTthTsmoe 
the  entire  en-ine.  Traditionally,  one  has  to  design  the  compression  system  operating  in  a  margin  from  the  sm^e 
boundary  (figure  1)  to  accommodate  all  the  disturbances,  which  in  turn  means  an  expensive  price  is  paid  m 
exchanc^e  of  safety.  Przybylko  [1]  indicates  that  for  an  aircraft  engine,  if  one  stage  in  the  compressor  would  b 
eliminated  due  to  margin-reduction  technologies,  5%  increase  in  thrust-to-weight  ratio,  1.5%  decrease  in  fue 


'  Assistant  Professor,  Member  of  AIAA  and  ASME.  ,  ■  ,tt  •  v’or,  rwir.!. 

^  Visiting  Professor,  on  leaving  from  DSP  Center  of  Northwestern  Polytechnical  University,  Xi  an.  China. 
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Figure  1.  Surge  margin  to  accommodate  all 
disturbances,  from  [1] 


Figure  2.  Emmon’s  model  for  stall 
propagation 


consumption  (sfc),  3.2%  and  1%  reduce  in  acquisition  and  operating  cost  would  be  achieved.  To  illustrate  the 
significance  of  these  figures,  assume  a  modern  commercial  airplane  needs  4  engines  with  244640  N  (55000  Ibf) 
thrust  each  and  current  sfc  for  them  is  0.5  kg/hour/1  ON  (0.49  Ibm/hour/lbf).  A  simple  calculation  leads  to  the 
fact  that  a  1.5%  decrease  in  sfc  means  734  kg/hour  (1617  Ibm/hour)  of  saving  in  fuel  for  this  airplane  only. 

The  scope  of  this  paper  will  be  limited  to  active  control  of  rotating  stall  and  surge,  as  it  is  the  one  that  so  far 
receives  most  extensive  studies.  Readers  should  be  aware  that  active  combustion  control  and  high-cycle-fatigue 
researches  are  also  important  part  of  SET  and  draw  more  and  more  attentions  lately.  While  a  historic  remark  is 
provided  at  next  session,  the  focus  of  this  paper  is  on  recent  and  future  researches.  The  published  researches  are 
grouped  into  two  categories:  dynamic  models  of  the  system  and  control  demonstration.  Sensing  and  actuation 
techniques  will  be  discussed  in  the  context  of  controls.  Brief  reviews  and  comparisons  between  various  ideas 
and  practices  will  be  given.  As  the  review  concludes,  future  researches  will  be  suggested  and  their  impact  to 
science  and  technology  will  be  foreseen. 


2.  HISTORIC  REMARKS 


Fluid  Mechanics  Modeling 

In  50  s,  rotating  stall  and  surge  are  only  investigated  from  fluid  mechanics  point  of  view.  From  his  experiments 
in  Princeton  University,  Emmon  et  al  [2]  conclude  that  a  stall  cell  is  actually  a  flow  blockage  caused  by  flow 
separation  in  blade  passages  and  traveling  around  the  compressor  annulus.  Figure  2  illustrates  Emmon’s  stall 
model.  Due  to  flow  non-uniformity  or  external  disturbance,  such  as  inlet  distortion,  the  angle  of  attack  of  a  blade 
may  be  significantly  increase  so  that  flow  separates  in  that  blade  passage.  Once  a  blade  is  blocked  this  way,  all 
incoming  streamlines  will  be  diverted.  On  one  side  of  the  blockage,  streamline  diversion  will  cause  increased 
angle  of  attack,  and  on  the  other  side  decreased  angle  of  attack.  The  blade  passage  subjected  to  increased  angle 
of  attack  will  therefore  stalled.  As  the  new  one  stalled,  the  angle  of  attack  of  the  blade  passage  already  stalled 
decreases  and  the  passage  becomes  unstalled.  The  stall  cell  will  thus  propagate  from  blade  to  blade  around  the 
compressor.  The  Emmon’s  model  is  well  received  in  industry.  It  is  still  the  most  insightful  model  in  terms  of 
fluid  physics.  It  explains  well  how  a  stall  cell  may  form  and  why  it  propagates  around  the  compressor.  However, 
it  cannot  explain  why  sometimes  a  minor  flow  irregularity  causes  rotating  stall  and  sometimes  does  not.  Neither 
can  it  explain  sometimes  there  are  more  than  one  stall  cell  and  predict  how  fast  a  stall  cell  propagates. 
Unfortunately,  these  questions  are  still  not  completely  answered  and  remain  to  be  investigated. 

Dynamic  Modeling 

Starting  from  70s,  it  is  recognized  that  compressor  instability  is  not  only  related  to  flow  structure  in  the  blade 
passages  but  also  the  dynamic  connection  between  the  components  of  a  system.  Hence,  researchers  looked  for 
dynamic  models  that  can  reveal  such  connection.  Various  models  were  produced.  Among  them,  parallel 
compressor  model  for  inlet  distortion,  Greitzer’s  surge  model  [3],  Moore’s  rotating  stall  model  [4],  and  later, 
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Moore-Greitzer  model  for  both  stall  and  surge  [5]  are  the  most  popular  ones.  A  common  approach  is  that  to 
study  the  dynamic  instability,  a  compression  system  is  simplified  as  a  lumped  parameter  system,  that  is,  the 
detail  flow  structure  is  neglected.  Instead,  the  compressor  is  replaced  with  a  “black  box”  with  its  performance 
curves  obtained  from  experiments.  Greitzer  [3]  uses  a  mass-spring-damper  mechanical  analogue  to  illustrate  the 
dynamics  of  surge.  The  analysis  shows  that  for  a  given  compressor  characteristic,  plenum  volume,  compressor 
length,  etc.,  there  is  an  important  non-dimensional  parameter  on  which  the  system  response  depends.  This 
parameter  is  later  denoted  as  Greitzer’ s  B  parameter: 

U  The  magnitude  of  pressure  difference  across  the  compression  system 

2tDLc  The  magnitude  of  the  inertial  forces  that  arise  due  to  local  fluid  accelerations 

where  co  is  the  Helmholtz  resonator  frequency  of  the  system,  Lc  is  an  “  effective  length”  of  the  compressor  duct, 
and  U  is  the  rotor  speed.  The  capability  to  accelerate  the  fluid  in  the  duct  is  increased  as  B  increases.  Hence,  as 
B  becomes  larger  one  would  expect  greater  excursions  in  axial  velocity  and  thus  a  general  trend  towards  surge 
rather  than  rotating  stall. 

Moore-Greitzer  model  [5]  is  the  most  successful  model  to  date  in  qualitatively  capturing  the  post  stall  behavior 
of  a  compression  system.  It  is  a  combination  of  Greitzer’s  surge  model  and  Moore  s  stall  model.  Bifurcation 
analysis  [6]  shows  that  even  the  first-mode  truncated  MG  model  can  capture  the  rich  dynamics  of  the  system 
and  the  results  are  in  accord  with  experiments.  MG  model  heavily  relies  on  its  basic  assumption,  that  is,  the 
axisymmetric  compressor  characteristic,  which  describes  performance  of  a  compressor  in  steady  axisymmetric 
flows,  is  applicable  to  unsteady  state  and  nonuniform  flow.  When  compressor  stalls,  the  pressure  rise  across  a 
blade  row  varies  locally  and  in  time.  Hoying  et  al.  [7]  verified  numerically  that  the  unsteady  compressor 
performance  does  not  deviate  substantially  from  the  steady  performance,  which  allows  the  unsteady 
performance  to  be  described  adequately  as  a  linear  functions  of  the  inlet  conditions  with  the  first  order 
differential  lag.  However,  there  is  no  experimental  report  in  validation  of  this  basic  assumption. 

Control  of  Stall  and  Surge 

As  to  the  authors’  knowledge,  the  earliest  attempt  in  active  stall  control  was  reported  by  Ludwig  et  al.  in  1979 
[8].  The  extensive  researches  do  not  start  until  1990s.  In  1989,  Epstein  et  al.  [9]  proposed  to  linearly  extend 
surge  boundary  to  unstable  region  using  a  technique  similar  to  active  noise  suppression.  The  basic  idea  was  that 
rotating  stall  and  surge  are  the  mature  forms  of  small  amplitude  disturbances  that  are  the  natural  modes  of 
oscillation  in  the  compression  system.  Feedback  control  operating  on  these  small  disturbances  can  change  the 
dynamics  of  the  system  so  that  they  would  not  grow  into  rotating  stall  or  surge.  Ffowcs  Williams  and  Huang 
[10]  and  Paduano  [11]  demonstrated  the  success  of  this  idea  in  active  surge  and  rotating  stall  control 
respectively.  For  details,  please  refer  to  [12]  where  Greitzer  presents  a  comprehensive  review  of  the  originality 
of  the  researches  of  smart  jet  engines.  Alternatively,  Liaw  and  Abed  [13]  proposed  a  bifurcation-theoretic 
approach  for  active  stall  suppression.  Instead  of  linearly  extending  stall  limit,  nonlinear  control  is  used  to  reduce 
the  stall  margin  by  enlarging  the  domain  of  attraction  of  an  operating  point.  Badmus  et  al.  [14]  applied  this 
control  philosophy  in  their  experiments.  In  the  recent  ten  years,  a  large  number  of  papers  have  been  published. 
Fluid  mechanicians,  control  specialists,  nonlinear  dynamicists,  and  mathematicians  have  all  contributed  ideas  to 
the  overall  research  mixes. 


3.  RECENT  DEVELOPMENT 


Modeling  The  Dynamics 

As  in  any  control  problem,  creating  appropriate  models  is  the  first  challenge.  The  fundamental  requirement  is  to 
understand  the  key  physical  phenomena  which  drive  the  dynamic  behavior.  The  basic  questions  being 
investigated  include:  1)  how  many  types  of  stall  precursor  there  exist;  2)  which  precursor  would  occur  at  a  given 
operation  condition;  3)  how  compressor  pumps  energy  into  the  stall  precursors;  4)  which  mechanism  drives  the 
hysteresis  associated  to  rotating  stall;  5)  under  which  condition  the  system  stalls  or  surges;  and  6)  what  makes 
high-speed  compressor  different  from  its  low-speed  counterpart.  In  this  section,  the  most  recent  development 
will  be  reviewed  in  category  rather  than  chronically. 

Prestall  dynamics.  For  the  stability  of  any  compression  system,  the  stall  process  is  classified  into  two  stages 
in  this  paper  — prestall  and  poststall.  As  opposed  to  poststall  that  refers  to  the  fully-developed,  large-amplitude 
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rotating  stall,  prestall  refers  to  the  period  of  time  immediately  prior  to  the  moment  when  stall  amplitude  rapidly 
grows,  during  which  the  compressor  operation  is  steady  but  may  exhibit  small  amplitude  dynamics.  The 
importance  of  investigation  of  prestall  dynamics  to  active  control  is  obvious.  No  matter  which  control  scheme  is 
chosen,  the  stall  perturbation  must  be  suppressed  before  it  grows  into  fully  developed  stall  or  surge. 

Since  the  basic  idea  of  active  stall  control  was  to  eliminate  small  amplitude  flow  disturbances,  it  was  postulated 
that  there  exist  modal  waves  as  the  stall  precursor  which  later  grows  into  fully  developed  rotating  stall  [9].  This 
type  of  long-scale  modal  wave  is  later  observed  in  experiments  [15,  16].  However,  detection  of  such  a  stall 
precursor  is  not  trivial.  Tryfonidis  et  al  [15]  developed  a  method  called  traveling  wave  energy.  The  philosophy 
is  to  take  a  time  window  of  signals  from  a  number  of  sensors  located  evenly  around  the  compressor  annulus  and 
then  transfer  the  data  into  spatial  spectra.  The  stall  precursor  is  recognized  if  one  or  more  growing  peaks  in  the 
spectra  can  be  found  as  the  time  windows  slide  towards  the  stall  inception  point.  Similar  to  this  idea,  Le  et  al 
[17]  applied  wavelet  analysis  to  their  engine  for  the  same  purpose.  While  wavelet  analysis  is  more  formal  and 
mathematically  correct,  both  methods  works  well  for  the  data  presented  in  their  papers.  However,  the  real 
challenge  is  how  to  detect  stall  precursors  in  real  time,  namely  sensing,  processing  and  feeding  back  information 
within  the  time  frame  between  the  first  precursor  being  identified  and  the  moment  of  its  rapid  growing.  The 
signal-noise  ratio  during  the  prestall  is  so  low  due  to  strong  turbulence  and  other  disturbances  that  the  modal 
waves,  even  though  it  exists,  may  be  corrupted  by  noise.  More  advanced  sensing  and  digital  signal  processing 
techniques  are  needed  for  real  time  stall  precursor  detection. 

In  parallel  to  the  above  research,  a  group  of  researchers  in  Cambridge  University  found  another  route  that  leads 
to  stall  inception,  short  length-scale  spikes.  While  the  long  length-scale  modes  exist,  stall  inception  does  not 
occur  until  the  local  mass  flow,  at  some  spatial  location,  is  low  enough  that  a  small  region  of  the  annulus 
experiences  flow  separation  in  the  blade  passage.  This  region  then  propagates,  rapidly  spreading  into  a  fully 
developed  stall  or  surge  event  [18-20,  26].  Day  [18]  gives  a  typical  example  where  the  modal  waves,  while 
exist,  does  not  lead  to  instability.  In  this  example,  the  stall  cell  does  not  appear  to  be  a  continuous  development 
of  the  model  wave,  but  rather  a  separate  disturbance  which  appears  despite  the  presence  of  the  modal  wave.  The 
presence  of  spikes  significantly  complicates  the  active  control  technology  because  spikes  always  happen  locally 
and  grow  rapidly  without  much  warning  time  and  they  are  highly  nonlinear.  Researchers  therefore  seek  to 
determine  the  conditions  under  which  waves  or  spikes  occur.  Camp  and  Day  [21]  studied  a  four-stage  low-speed 
experimental  compressor  and  found  that  the  first  stage  rotor  had  an  identifiable  “critical  incidence”  above  which 
spikes  occurred  prior  to  stall  inception.  Hoying  [22]  used  a  three-dimensional  computation  model  of  a  single 
blade  row  to  reveal  fluid  dynamics  mechanism  of  stall  inception.  This  mechanism  involves  the  stability 
properties  of  the  tip  leakage  vortex.  Interested  readers  please  refer  to  their  original  papers  for  details. 

Due  to  the  existence  of  both  modal  waves  and  spikes  and  the  fact  that  it  is  very  difficult  to  predict  which  would 
occur  in  prior,  a  question  is  naturally  raised:  how  does  a  compressor  pump  its  energy  into  fully  developed  stall 
cells  or  surge?  To  understand  how  compressor  interacts  with  initial  stall  disturbance  regardless  spikes  or  waves, 
Lin  [23]  numerically  studied  the  full  MG  model,  using  the  first  64  spatial  modes,  and  found  that  the  shape  of  the 
compressor  characteristic  plays  an  important  role  in  pumping  energy  into  stall  cells.  When  the  slope  of  the 
compressor  characteristic  corresponding  to  the  local  mass  flow  is  negative,  the  work  done  by  the  compressor  on 
this  local  disturbance  would  be  negative  and  the  disturbance  would  be  suppressed.  Otherwise,  it  would  be 
amplified.  Hence,  for  overall  effects,  when  the  average  work  done  by  the  compressor  on  the  disturbances  is 
positive,  the  compressor  pumps  energy  into  initial  stall  disturbances  and  makes  them  grow  into  fully  developed 
stall  or  surge. 

It  still  remains  a  challenge  to  design  a  control  that  works  for  both  waves  and  spikes.  One  possible  solution  is  to 
incorporate  both  spikes  and  waves  into  a  model  for  control  law  development  and  testing.  Another  is  to  develop  a 
control  philosophy  that  would  work  regardless  which  type  of  stall  inception.  More  researches  are  needed  in 
these  aspects. 

Ppststall — dynamics.  Study  of  post-stall  dynamics  is  to  understand  nonlinear  aspects  of  the  system 
performance.  Such  understanding  leads  to  development  of  a  control  strategy  completely  different  from  the  one 
that  arises  from  linear  dynamics.  McCaughan  [6]  applied  bifurcation  theory  to  analyze  the  three-state  MG 
model.  This  model  is  an  approximation  of  the  full  mode  MG  model  by  truncating  all  modes  higher  than  the  first 
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mode  when  a  Galerkin  process  is  applied  to  the  MG  model.  The  rotating  stall  corresponds  to  a  set  of  steady  state 
solutions  in  which  the  amplitude  of  the  first  mode  is  not  zero.  The  analysis  reveals  the  nonlinear  mechanism  of 


Figure  3.  Hysteresis  of  rotating  stall  is  qualitatively  captured  with  the  three-state  MG  model,  from  [6]. 

hysteresis  associated  with  rotating  stall.  Figure  3  shows  one  result  of  bifurcation  analysis.  In  this  figure,  there 
exists  a  region  over  which  the  rotating  stall  equilibria  overlap  with  steady  axisymmetric  equilibria,  separated  by 
a  set  of  un'stable  stall  equlibria.  When  one  closes  the  throttle,  the  steady  axisymmetric  equilibria  would  not  loss 
their  stability  until  the  throttle  coefficient  y  reaches  Yc.  However,  to  recover  from  stall,  one  has  to  reopen  yto  Ys 
which  is  larger  than  Yc-  Hysteresis  is  therefore  a  consequence  of  the  nonlinearity  of  the  system. 


The  MG  model  heavily  relies  on  the  correctness  of  the  compressor  characteristic.  Ideally,  one  expects  that  by 
collecting  the  compressor  characteristic  experimentally,  such  characteristic  would  account  for  all  the  effects 
created  by  complicated  flow  structures  in  blade  passages,  such  as  viscosity,  compressibility,  and  even  tip 
vortices.  Although  this  approach  is  widely  accepted,  the  authors  believe  higher  resolution  is  needed  in  obtaining 
such  characteristic,  especially  for  high-speed  compressors. 

The  MG  model  is  successful  in  modeling  low-speed  compressors.  Its  ability  in  modeling  high-speed 
compressors  is  still  questionable.  Hendricks  et  al.  [24]  and  Feulner  et  al.  [25]  incorporate  compressibility  into 
their  model  of  multi-stage  high-speed  compressors.  But  their  works  actually  focus  on  describing  how  the  modal 
waves  2row  when  the  compressibility  is  present.  The  key  question  here  is  for  a  high-speed  compressor  whether 
a  simple  performance  curve  can  be  used  in  representing  the  compressor  or  a  compressor  stage  in  the  MG  model. 
At  least,  such  representation  needs  to  be  validated  experimentally. 

Demonstration  of  Active  Control  Schemes 

A  successful  active  control  scheme  consists  of  an  appropriate  dynamic  model,  control  law  design,  as  well  as 
effective  and  realistic  sensing  and  actuation.  Although  Ludwig  et  al.  in  1979  made  their  first  attempt  in  active 
stall  control,  the  work  suffered  from  lack  of  theoretical  base  and  shortcoming  of  testing  equipment.  It  takes  more 
than  one  decade  to  fill  in  the  theoretical  and  technological  foundation.  In  recent  ten  years  after  the  MG  model 
was  built,  significant  progresses  have  been  made  in  linear/nonlinear  control  theory,  sensor  and  actuator 
technology,  computer,  digital  signal  processing,  and  many  more,  which  pave  the  way  towards  smart  engine 
technology. 

Paduano  [11]  reported  the  first  attempt  in  active  stall  control  after  Ludwig.  The  work  is  followed  soon  after  by 
Haynes  et  al.  [27]  with  a  three-stage  low-speed  compressor,  and  later  by  Weigl  et  al.  [28]  with  a  single-stage, 
high  speed  compressor.  The  control  philosophy  of  their  work  is  linear  extension  of  surge  line,  namely  extending 
the  surge  limit  to  the  original  unstable  region  by  suppressing  prestall  modal  waves  when  the  amplitude  is  small 
and  the^dynamics  is  linear  (figure  4a).  Paduano  and  Haynes  sensed  flow  velocity  in  the  inlet  and  used  adjustable 
inlet  guide  vanes  as  the  actuators.  Weigl’s  approach  is  more  practical.  The  sensors  are  an  array  of  high-response 
pressure  sensors  distributed  circumferentially  and  the  actuators  are  specially  designed  air  injection  valves,  which 
are  capable  of  delivering  5.8%  of  the  design  compressor  mass  flow  when  supplied  with  100  psi  air.  The  signal 
bandwidth  is  400  Hz.  Table  1  shows  part  of  the  results  obtained  by  Weigl. 
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Table  1:  Summary  of  Steady  Blowing  and  Control  Experiments,  from  [28] 


Configuration 

Mass  Flow 
at  Stall 

%  Decrease  Mass 
Flow  at  Stall 

—  J - — .  1 

Pressure  Ratio  at 
Stall 

Stall  Margin  % 

100%  Speed 

Solid  Casing 

18.73 

1.9010 

12.2 

3.6%  Blowing,  no  control 

17.92 

4.3 

1.8850 

17.9 

5.8%  blowing,  no  control 

16.86 

10.0 

1.8910 

24.0 

3.6%  blowing,  O"’,  k"',  2"''  control 

17.27 

7.8 

1.8650 

19.4 

3.6%  blowing,  1 -sided  actuation 

17.26 

8.4 

1.8670 

20.3 

Alternatively,  a  competing  control  philosophy  is  to  enlarge  domain  of  attraction  of  operating  points  so  that  they 
are  stable  enough  to  reject  various  disturbances.  Ideally,  if  this  type  of  active  control  can  success,  then 
operability  of  the  engine  has  been  functionally  enhanced  at  more  desirable  performance  levels.  For  instance,  the 
open-loop  surge  line  could  be  transferred  by  active  control  into  the  operating  line  by  eliminating  the  tendency  to 
surge  along  that  line  (figure  4b).  If  such  performance  enhancement  can  be  taken  into  account  when  designing 
compressors,  the  designers  can  then  set  the  design  operating  point,  normally  also  the  best  efficiency  point,  at  a 
lower  mass  flow  and  with  less  surge  margin.  This  philosophy  is  different  from  the  linear  region  extension  and 
therefore  has  its  own  language  and  culture.  Liaw  and  Abed  [13]  numerically  illustrated  their  idea  of  altering  the 
bifurcation  property  of  the  compression  system  modeled  with  the  three-state  MG  model.  Badmus  et  al.  [14] 
demonstrated  this  could  be  done  experimentally  using  a  ID  actuation,  a  plenum  bleeding  valve.  Eveker  et  al. 
[29-30]  further  revised  this  control  scheme  and  applied  it  to  a  low-speed  and  later  a  high-speed  compressor. 
Following  the  same  control  philosophy,  D’Andrea  et  al.  [31],  Behnken  et  al.  [32],  Wang  and  Murray  [33],  and 
Yeung  and  Murray  [34]  achieved  similar  success  in  their  low-speed  compressor  test  rig  with  2D  actuation.  The 
limitation  of  bifurcation  control,  under  the  constraints  of  actuator  rate  limits,  saturation  of  the  actuators,  and 
noise,  was  also  studied  in  [33]. 


Figure  4.  Comparison  of  the  two  popular  control  strategies:  (a)  linear  range  extension  (left), 
from  [9, 11],  and  (b)  nonlinear  disturbance  rejection  (right),  from  [14]. 

Although  there  are  some  success  in  active  control  of  compressors  under  clean  and  well-organized  laboratory 
conditions,  it  still  goes  a  long  way  to  apply  these  techniques  to  real  engines.  Weighs  effort  shows  that  linear 
extension  of  surge  line  does  work  but  with  an  expensive  price  tag.  Further  research  is  needed  to  investigate  the 
trade-offs  between  steady  blowing  and  active  control.  Steady  blowing  requires  a  large  amount  of  injected  air. 
Active  stabilization  requires  a  feedback  control  law  with  high-bandwidth  sensing  and  actuation  and  the  high- 
bandwidth  actuators  are  not  cheap.  The  reliability  of  many  sensors  (at  least  8  of  them  in  each  axial  location), 
which  are  needed  to  allow  decomposition  of  perturbations  into  harmonics,  is  also  of  practical  concerns.  What  if 
one  of  them  breaks  down  and  provides  false  information  to  the  controller?  On  the  other  hand,  the  disturbance 
rejection  control  schemes  need  to  be  refined,  although  they  claim  that  they  would  provide  robustness  of 
compressor  operation  with  lower  bandwidth  requirement.  The  common  theoretical  foundation  for  these 
approaches  is  the  three-state  MG  model,  which  is  significantly  simplified  from  its  origins.  The  important 
physics  that  is  neglected  in  the  three-state  model  is  the  nonlinear  interaction  between  the  spatial  modes.  As  for 
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the  actuators,  the  plenum-bleeding  valve,  as  used  in  Eveker’s  experiment,  is  not  realistic  in  practical 
applications  despite  of  its  simplicity.  The  air  injection  valves  for  nonlinear  control,  as  used  in  [31-34],  are 
subjected  to  be  tested  in  a  more  realistic  environment,  especially  in  large-scale,  high-speed  machines  as  such 
machines  challenge  the  correctness  of  the  three-state  MG  model. 

Lin  [23,  35-36]  proposes  to  use  a  Lyapunov-based  stability  concept,  call  “practical  stability”  to  describe  the 
stability  of  compression  systems.  Practical  stability  is  used  to  describe  two  types  of  phenomena  that  cannot  be 
described  with  normal  stability  concepts.  On  one  hand,  an  operating  point  that  is  normally  stable  may  not  be 
acceptable  in  practice.  For  instance,  a  compressor  operating  close  to  the  surge  line  but  without  sufficient  surge 
marsin  may  be  unstable  in  a  practical  sense.  On  the  other  hand,  a  linearly  unstable  point  may  be  acceptable  as 
long"  as  the  trajectory  of  the  system  is  within  a  limited  range  around  the  unstable  point.  For  instance,  the 
performance  of  a  rocket  that  slightly  oscillates  around  its  design  trajectory  is  well  acceptable.  According  to 
practical  stability,  the  performance  of  a  control  scheme  can  thus  be  designed,  which  theoretically  requires  less 
sensors  and  lower  high-bandwidth  actuators.  Since  the  theory  is  based  on  Lyapunov  function  that  was  invented 
in  Russia  and  is  not  so  popular  in  the  western  world,  the  practical  stability  concept  is  not  well  received  by  now. 
The  control  scheme  thus  designed  remains  to  be  experimentally  tested. 


In  a  recent  study  by  Freeman  et  al.  [38],  a  recirculation  mechanism  was  tested,  which  allowed  bleed  air  from 
either  the  exit  of  the  fourth  stage  or  the  last  stage  to  be  injected  either  at  the  fourth  stage  or  the  inlet  of  the 
compressor.  Six  circumferentially  distributed  pipes  recirculated  the  flow,  actuated  by  high-response  (300Hz) 
hydraulic  valves.  Various  control  schemes  were  tested.  The  most  interesting  result  to  the  authors  of  this  paper  is 
the  performance  of  the  ID  ‘nonlinear’  approach,  which  increased  the  stable  operating  range  by  up  to  25%  in 
pressure  rise,  and  was  able  to  extend  the  stable  operating  range  at  all  speeds  and  with  each  method  they  used  to 
induce  stall.  This  ID  approach  is  to  sense  stall  inception  and  subsequently  clears  the  stall  cell  before  it  fully 
developed,  with  a  uniform  recirculation.  This  kind  of  ID  actuation  is  similar  to  the  one  proposed  by  Lin  in  [36]. 
The  latter  is  a  direct  result  from  the  nonlinear  theory  of  Lyapunov,  while  the  former  is  almost  purely  empirical. 

It  is  worth  to  note  that  both  dynamical  analysis  [37]  and  experiments  [28,  34,  38]  shows  that  the  best 
performance  is  usually  achieved  by  introducing  a  stabilizing  flow  that  would  influence  the  flow  structure  inside 
the  blade  passages.  However,  the  price  paid  for  such  surge  margin  improvement  techniques  is  that  either  the 
bleed  or  inlet  injection  involves  bleeding  high-pressure  air  from  downstream  of  the  compressor.  The  trade-off 
between  efficiency,  surge  margin,  and  technical  complexity  is  difficult  to  justify,  which  requires  implementing 
active  control  through  very  careful  design  and  implementation. 

4.  FUTURE  RESEARCHES 

In  previous  sections,  the  areas  that  need  higher  resolution  are  indicated  in  the  context.  For  convenience,  we 
summarize  the  major  points  as  below: 

1.  Set  up  models  that  incorporate  both  fluid  mechanics  in  the  blade  passages  and  dynamics  connection 
between  components. 

2.  Develop  real  time  stall  precursor  detection  systems.  This  research  involves:  distributed  sensing  technology 
using  MEMS;  digit  signal  processing  algorithm  that  works  both  for  waves  and  spikes;  a  fast  response 
system  that  can  detect  the  stall  precursors  and  activate  the  actuators  before  the  stall  precursors  grow. 

3.  Develop  more  realistic  and  advanced  control  schemes,  including  test  of  practical  stability;  tip  clearance 
control  using  magnetic  bearings  or  tailored  flexible  structures  that  involves  piezo-electric  materials,  flow 
separation  control  on  individual  blades  (MEMS  again),  and  many  more. 

4.  Study  the  trade-offs  between  efficiency,  surge  margin,  and  technical  complexity  for  any  active  control 

schemes. 

5.  Perform  other  researches  in  smart  engine  technology  (SET),  such  as  active  combustion  control,  active  noise 
control,  and  active  flutter  control.  In  MIT,  the  methods  developed  for  rotating  stall  and  surge  control  are 
currently  being  applied  to  rotor  flutter  /  high  cycle  fatigue  (HCF)  control  research.  A  research  concept, 
active  rotor  for  HCF  identification  and  control,  is  under  development.  The  active  rotor  or  "articulated"  rotor 
is  a  transonic  compressor  with  "smart  structures".  Blades  are  independently  actuated  by  adaptive  material 
like  piezos,  and  can  dynamically  change  shape  and  stiffness.  Currently,  the  blades  are  designed  and  tested. 
The  spin  rig  test  facility  with  a  multiple  channel  real  time  DSP  system  is  being  built.  The  rig  might  be  used 
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for  aerodynamics  damping  measurement,  flutter  control,  investigation  of  optimal  mistuning,  change  of 
efficiency,  and  noise. 

5.  IMPACT  TO  SCIENCE  AND  TECHNOLOGY  PROGRESSES 

The  impacts  of  SET  researches  are  in  two  folds.  Directly,  the  technology  thus  developed  brings  great  benefits  to 
the  gas  turbine  industry,  as  stated  in  the  first  section  of  this  paper.  Indirectly,  the  researches  stimulate  the 
developments  of  related  fields,  such  as  DSP,  control  theory,  MEMS,  etc.,  which  may  have  much  broader  and 
deeper  impacts  on  improving  technology  levels  for  a  country’s  industry.  For  instance,  the  harsh  requirement  of 
real  time  stall  precursor  detection  would  simulate  development  of  sensor  technology  and  linear/nonlinear  signal 
processing  techniques.  Another  great  benefit  of  SET  research  is  that  it  requires  forming  a  cross-discipline  team, 
which  is  completely  different  from  the  way  a  traditional  research  project  is  organized  and  will  bring  new 
challenges  to  administration  systems  for  science  and  technology.  At  last,  SET  researches  will  educate  a°lot  of 
students  with  ability  of  cross-discipline  researches,  which  will  provides  leaders  of  science  and  technology 
development  in  a  country  for  the  next  century. 
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ABSTRACT.  A  multi-zone  (multi-dimensional)  is  used  to  model  the  in-cylinder  radiative  heat  transfer  of  a 
direct  injection  diesel  engine.  The  space  and  the  surface  of  the  0>  combustion  chamber  are  approximated  by 
simple  geometric  shapes  and  discretized.  Taking  into  consideration  of  the  complexity  of  the  structure  of  the 
combustion  chamber  and  the  non-uniform  distribution  of  the  radiation  medium,  the  Monte-Carlo  method  is 
used  to  simulate  the  in-cylinder  radiative  heat  transfer. 

1.  INTRODUCTION 

Following  the  progress  in  research  in  the  in-cylinder  heat  transfer  processes  of  diesel  engines,  the  analytical 
evaluation  of  the  radiative  heat  transfer  is  becoming  more  and  more  important.  Many  researchers  have  proposed 
their  models  and  developed  their  corresponding  approaches  in  evaluating  the  in-cylinder  radiative  heat  transfer 
of  diesel  engine  [1-8].  But  till  now,  there  is  still  few  studies  on  the  multi-dimensional  modeling  of  in-cylinder 
radiative  heat  transfer. 


In  this  paper,  the  multi-zone  (multi-dimensional)  radiative  heat  transfer  model  developed  in  [1]  is  adopted.  The 
effect  of  the  complex  structure  of  the  combustion  chamber,  and  the  effect  of  non-uniform  distribution  of 
radiative  medium,  on  the  surface  heat  flux  in  the  cylinder  of  the  engine  are  taken  into  consideration.  The 
combustion  chamber  and  surface  are  approximated  by  simple  geometrical  shapes  and  discretized  into  a  number 
of  volume  and  surface  elements.  The  Monte-Carlo  method  is  able  to  deal  with  both  non-uniform  radiation  media 
and  the  complex  structure  of  the  combustion  chamber,  it  is  chosen  for  simulating  and  analyzing  the  in-cylinder 
radiative  heat  flux  of  a  (.34135  direct  injection  diesel  engine. 


2.  MONTE-CARLO  METHOD  [9,10] 

The  Monte-Carlo  method  is  a  kind  of  probability  simulation  method,  in  which  the  object  of  investigation  is 
specified  as  a  probability  model  and  solved  with  a  probability  method.  For  the  radiative  heat  transfer 
processes  in  the  combustion  chamber,  the  probability  model  assumes  that  the  radiative  energy  emitted  by 
an  element  of  the  radiating  medium  is  composed  of  many  energy  bundles.  The  direction  of  radiation  each 
energy  bundle  is  random,  and  can  be  characterized  by  three  random  quantities  with  a  definite  distribution 
density  function.  By  tracing  each  of  the  energy  bundles  until  all  of  them  have  been  absorbed,  the  number 
of  energy  bundles  absorbed  by  each  of  the  surface  elements  can  be  obtained. 


The  radiative  heat  flux  Qaj  at  the  surface  element  Aj  of  the  combustion  chamber  can  be  defined  as  below: 

k,; 


Qaj  =  f  f  -^exp(-f'k,rdr)aT^dXdA^ 

^  Ja}  Jv  Tin  Jo 


(1) 


Ji 

Ja]J/ 


cost);  COST] 


AjJA  Tir 


-exp(-J^  k^rdrje^iOTjdAidAj 
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In  the  Eq.(l),  the  first  term  is  the  radiative  heat  transfer  between  all  volume  elements  V  and  the  surface  element 
A ,  while  the  second  term  is  the  radiative  heat  transfer  between  all  surface  element  and  the  surface  elements  Aj; 
Kai  is  the  absoiption  coefficient  of  a  volume  element,  T]  is  the  angle  between  the  normal  to  the  surface  and  die 
direction  of  radiation,  e  is  the  absorption  coefficient  of  a  surface  element,  r  is  the  distance  from  the  radiation 
source  to  the  surface,  a  is  the  Boltzmann’s  constant  and  T  the  temperature  of  an  element.  The  subscripts  i  and  j 
refer  to  the  zones,  g  to  a  volume  element  and  s  a  surface  element. 

If  the  volume  element  dVj  emits  n  energy  bundles  of  which  nj  are  absorbed  by  dAj,  then  the  fraction  of  the 
energy  bundles  emitted  by  dV  and  absorbed  by  dAj  is: 

Pgij  =  ni  /  n 

Similarly,  Psy  represents  the  fraction  of  the  energy  bundles  emitted  by  all  surface  elements  absorbed  by  dAj. 
Then  Eq.(l)  can  be  rewritten  as: 


^  ^  ^  (2) 

Qaj  ~ 

i=l  i=l 

Where  Mg  and  Mj  are  the  number  of  volume  elements  and  the  number  of  surface  elements  respectively,  while 
Qgj  and  Qsi  are  the  energy  emitted  by  the  volume  element  and  the  surface  element  respectively. 

The  steps  for  evaluating  the  radiative  heat  flux  to  the  cylinder  head,  the  cylinder  liner  surface,  the  piston  bowl 

and  the  global  radiative  heat  flux  are  shown  below. 

1. )  At  any  crank  angle  during  the  stage  of  diffusion  combustion,  the  combustion  chamber  is  divided  into  Mg 

volume  elements  and  M^  surface  elements.  .  . 

2. )  Determine  the  extinction  coefficient,  radiation  temperature,  absorption  coefficient  and  emission 

coefficient(or  the  emissivity  £ )  of  the  volume  elements  and  the  surface  elements  based  on  the  diesel  engine 
multi-  zone  (multi-  dimensional)  in-cylinder  radiation  model  developed  in  . 

3. )  The  radiation  energy  emitted  by  each  element  is  divided  into  N  energy  bundles.  Apply  the  Monte-Carlo 

method  to  simulate  the  direction  and  the  trajectory(including  the  refection  part)  of  each  energy  bundle  and 

determine  the  position  at  which  it  is  absorbed.  u  j-  u  • 

4. )  Sum  up  the  number  of  energy  bundles  absorbed  by  each  surface  element.  From  Eq.(2),  the  distribution  ot 

radiative  heat  flux  through  the  surfaces  can  be  calculated  and  hence  the  averaged  global  radiative  heat  flux. 

3.  DISCRETIZATION  OF  THE  COMBUSTION  CHAMBER 

3.1  Geometrical  Description  of  the  Combustion  Chamber 

The  G4135  direct  injection  diesel  engine  has  a  ft>-combustion 
chamber.  For  the  convenient  of  computation,  the  piston  bowl  is 
divided  into  a  cylindrical  section  d’d  and  two  connecting  conical 
sections  dc  and  cb,  as  shown  in  Fig.  1.  The  values  of  tgp4,  tgPS, 
tgP6,  lc4,  lc5,  lc6  can  be  calculated  accordingly.  Due  to  the 
movement  of  the  piston,  the  geometrical  boundaries  vary  with 
time,  so  the  relative  boundary  conditions  have  to  be  established. 

These  surfaces  and  boundary  conditions  directly  affect  the 
directions  and  the  paths  of  the  energy  bundles. 

3.2  Discretiyatinn  of  the  Combustion  Chamber 

To  apply  the  Monte-Carlo  method  for  calculating  the  radiative  heat 
flux,  the  space  and  the  surfaces  of  the  combustion  chamber  need  to 
be  discretized  into  a  number  of  volume  elements  and  surface 
elements.  Since  the  space  geometry  and  values  of  the  parameters 
(such  as  the  shapes  of  the  burned  zone  and  the  unburned  zone,  the 
distribution  of  soot  concentration)  of  the  radiating  medium  vary  with  time,  the  zonal  division  of  the  volume 
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cavity  should  also  vary  with  time.  Except  for  the  cylinder  liner  surface,  other  surface  elements  will  not  change 
with  time.  The  surface  elements  of  the  cylinder  head  and  the  piston  surface  are  hence  fixed  in  size.  Thus  the 
volume  elements  and  the  surface  elements  are  independent  of  each  other. 

The  combustion  chamber  is  divided  into  seven  independent  surfaces,  numbered  from  0  to  6,  as  shown  in  Fig.  2. 
The  surfaces  0,2,3,4,5,6  are  fixed  surfaces,  whose  surface  elements  are  numbered  0-12, 25-29,  23-24, 21-22,  19- 
20,  13-18  respectively.  Actually  surface  0  refers  to  the  cylinder  cover,  surface  2  refers  to  the  piston  crown  and 
the  other  surfaces,  3,4,5  and  6,  refer  to  the  piston  bowl  surface.  Surface  1  refers  to  the  cylinder  liner,  whose 
elements  are  numbered  38-47,  while  the  length  of  an  element  is  determined  by  the  piston  stroke.  The  space  of 
the  combustion  chamber  is  divide  into  8  volume  elements,  numbered  30-37.  They  are  either  solid  or  hollow 
cylinders. 

3.3  Determination  of  Zonal  Radiation  Parameters 

Based  on  the  multi-zone  (multi-dimensional)  radiative  heat  transfer  model  [1],  the  burning  zone  is  divided  into  a 
fuel  core  zone,  two  combustible  mixing  zones  Bi,B2  and  an  air  zone  A,  as  shown  in  Fig.  3.  Element  30  is 
located  in  the  fuel  core  zone,  elements  31  and  32  are  located  in  the  rich  mixture  zones  Bj,  elements  33  and  34 
are  located  in  the  lean  mixture  zones  B2,  while  the  rest  are  air  zones.  The  values  of  the  characteristic  parameters 
of  each  zone  are  shown  in  table  1. 


Fig.2  Division  of  the  volume  elements  and  surface  Fig.3  Division  of  combustion  model  zones 
elements  of  the  combustion  chamber 


Table  1  Characteristic  parameters  of  each  zone 


ATDC 

“CA 

extinction  coef.(l/m) 

Radiation  temp.(K) 

C 

B  1 

B2 

A 

C 

B  , 

B2 

A 

lOU 

600 

380 

450 

0 

1980 

1980 

2450 

2450 

10  s 

680 

380 

450 

0 

1980 

1980 

2450 

2450 

20  U 

100 

180 

240 

0 

2300 

2700 

2600 

2600 

30  U 

80 

20 

120 

0 

2500 

2800 

2600 

2600 

30  8 

110 

20 

120 

0 

2500 

2800 

2600 

2600 

U — unscattering  >  S — sacttering 


4.  SIMULATED  RESULTS  AND  ANALYSES 

4,  1  The  heat  release  rate  of  a  diesel  engine  with  co-combustion  chamber  shows  that  in  general  the  heat  release 
occurs  from  8-10°CA  BTDC  to  40-60°CA  ATDC.  The  initial  period  is  a  stage  of  premixed  combustion, 
which  rises  to  a  peak  value  near  the  TDC.  After  the  TDC,  diffusion  combustion  begins  and  the  amount  of 


1399 


MW/m‘ 


heat  released  in  this  stage  is  70-80  percent  of  the  total  amount  of  heat  released.  Fig.  4  and  Fig.5  show  *at 
the  peak  radiative  heat  flux  on  the  bottom  of  cylinder  head  and  the  top  of  the  piston  occurs  at  20  CA 
ATDC  At  10°CA  ATDC,  diffusion  combustion  is  not  yet  fully  developed,  hence  the  radiative  heat  flux  at 
this  crank  angle  is  lower  than  that  at  20°CA  ATDC.  While  at  30°CA  ATDC,  diffusion  combustion  is  nearly 
completed,  causing  the  radiative  heat  flux  to  drop  significantly.  In-cylinder  radiative  heat  flux  is  directly 
related  to  the  temperature  and  soot  concentration.  Experimental  data  of  the  G4 1 35  engine[  1 1  ]  show  that  e 
peak  flame  temperature  and  soot  concentration  occurs  around  20°CA  ATDC,  which  agree  with  the 
simulated  results. 


4.  2  At  any  crank  angle,  the  peak  radiative  heat  flux  on  the  piston  crown  come  into  contact  with  the  flame  front 
first.  The  peak  radiative  heat  flux  always  occurs  at  the  apex  of  the  bowl  of  the  m-combustion  chamber, 
element  13.  The  simulation  indicates  that  this  location  can  absorb  more  energy  bundles  coming  from  all 
directions.  On  the  other  hand,  the  peak  radiative  heat  flux  on  the  cylinder  head  does  not  appear  at  its  center, 
but  close  to  element  5.  The  reason  is  that  at  the  center  of  the  cylinder  head,  which  is  the  location  of  the  fuel 
injector  and  the  fuel  core  zone  C,  the  temperature  is  relatively  low.  Combustion  starts  at  the  combustible 
fuel-air  mixture  zone  B,  which  is  at  the  tip  of  the  spray  bundles  around  element  5.  As  the  optical  thickness 
form  the  flame  to  the  center  of  the  cylinder  head  is  large  and  the  unbumed  fuel  droplets  tend  to  reduce  the 
radiation  energy  of  the  energy  bundles,  the  radiative  heat  flux  is  relatively  low.  As  shown  in  the  curve  2  of 
figure  4,  at  20°CA  ATDC,  there  is  a  significant  increase  in  the  radiative  heat  flux  at  center  of  the  cylinder 
head  due  to  the  intense  diffusion  combustion.  This  figure  also  shows  that  there  is  fluctuation  in  the 
distribution  of  radiative  heat  flux,  which  is  due  to  the  difference  in  the  values  of  the  various  parameters  m 
the  different  zones. 


1.6 
1.4 

1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0.0 

Fig.4  Radiative  heat  flux  on  the  bottom  of  cylinder 
head 

1 — 10°CAADTC  2— 20°CAADTC 
3— 30"CA  ADTC 


Fig.5  Radiative  heat  flux  on  the  top  of  piston 

1— lO'CAADTC  2— -20’CAADTC 
3— 30’CAADTC 


4.  3  As  shown  in  Fig.  5,  the  radiative  heat  flux  bounces  at  the  edges  joining  the  piston  crown  and  the  piston 
bowl  of  the  co-combustion  chamber,  elements  24  and  25.  The  main  reason  is  that  when  the  radiation  energy 
bundles  emitted  by  the  soot  and  the  gas  radiation  sources  arrive  at  these  elements,  most  of  them  ^e 
absorbed  and  few  of  them  reflected.  On  the  other  surfaces,  there  is  reflection  of  the  energy  bundles.  So  the 
bounce  occurs.  As  the  piston  moves,  the  distances  and  directions  of  the  energy  bundles  to  these  elements 
also  change,  the  level  of  bounce  in  the  radiative  heat  flux  at  these  elements  hence  changes  with  crank 

angle. 

4  4  As  shown  in  Fig.  6,  the  radiative  heat  flux  on  the  cylinder  liner  is  always  lower  than  that  on  the  piston 
crown  and  the  cylinder  head.  This  is  due  to  the  larger  area  in  absorbing  the  energy  bundles  than  those  of 
the  other  two  surfaces.  Influenced  by  the  position  of  the  piston,  the  radiative  heat  flux  at  the  element  47, 
which  is  close  to  the  piston  crown,  is  always  higher  than  that  at  the  element  38,  which  is  close  to  me 
cylinder  head.  The  radiative  heat  flux  also  peaks  at  20°CA  ATDC.  The  pattern  of  distribution  of  radiative 
heat  flux  is  similar  to  the  results  obtained  by  Meguc  et  al.  [12]  with  a  spherical  harmonics  approximation 
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method.  The  magnitudes  of  the  heat  flux  shown  in  table  2  also  agree  with  experimental  data  obtained  from 
similar  engines.  Hence,  the  mathematical  model  established  in  this  paper  can  be  used  for  predicting  the 
radiative  heat  flux  of  similar  engines. 


Table2  Radiative  heat  flux  (  MW/m^  ) 


Radiative  heat  flux 

Radiative  heat  flux 

Average  radiative 

ATDC 

peak  value  on  top 

peak  value  on  the 

heat  flux  of 

of  piston 

bottom  of  cyl.  head 

whole  surface 

lO'CA 

1.35 

1.19 

0.34 

20°CA 

1.70 

1.62 

0.60 

30°CA 

0.92 

0.84 

0.25 

4. 5  The  scattering  effect  of  the  fuel  droplet  on  radiative  heat  transfer  is  controversial.  In  this  paper,  the 
scattering  effect  of  fuel  droplet  is  taken  into  consideration.  The  simulated  results  with  and  without  fuel 
droplet  scattering  are  shown  in  Fig.  7.  The  effect  on  radiative  heat  flux  is  not  significant,  except  around  the 
fuel  core  region  where  the  fuel  droplet  density  is  high. 


Fig.6  Radiative  heat  flux  of  cylinder  liner 


Fig.7  Scattering  effect  of  fuel  droplet  on  cyl. 

head  radiative  heat  flux  at  lO'CA  ATDC 

(U — unscattering  «  S — sacttering) 


5.  CONCLUSIONS 

Based  on  a  multi-zone  spray  combustion  model  and  a  multi-zone  (multi-dimensional)  radiation  model,  the 
in-cylinder  radiative  heat  flux  of  a  diesel  engine  has  been  calculated  with  the  Monte-Carlo  method.  The  co¬ 
combustion  chamber  and  the  surfaces  are  geometrically  simplified  and  discretized  into  a  number  of 
elements.  The  effect  of  non-uniform  distribution  of  the  radiation  medium  is  taken  into  account.  The 
numerical  results  indicate  that  the  pattern  of  distribution  and  magnitude  of  the  radiative  heat  flux  agree  with 
the  combustion  processes  and  with  experimental  data.  The  results  also  match  with  those  obtained  by  Menguc 
and  Spicher.  The  scattering  effect  of  fuel  droplet  on  radiative  heat  flux  has  also  been  investigated.  It  can  be 
concluded  that  the  probability  model  of  describing  the  radiation  mechanism  can  be  an  effective  method  for 
simulating  the  in-cylinder  radiative  heat  flux  of  similar  diesel  engines. 
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ABSTRACT.  In  refuse  incineration,  controller  design  is  a  matter  of  trade-off  between  poorly  defined  control 
objectives  under  poorly  defined  conditions,  in  the  sense  that  real  time  measurement  of  dioxin  production  is 
impossible  and  the  quality  of  refuse  feed  to  the  incinerator  is  difficult  to  define,  since  its  content  is  usually 
inhomogeneous  and  its  calorific  value  not  measured.  The  critical  requirement  for  refuse  incineration  is  clean  and 
thorough  thermal  decomposition  of  refuse  so  that  production  of  dioxm  is  mimimzed.  hi  Hitachi  Zosen 
Corporation,  we  have  developed  a  control  and  sensing  system  for  these  incinerators  based  on  fuzzy  logic.  In  the 
sensor  part  of  the  system,  the  quality  of  combustion  inside  the  furnace  is  evaluated  by  means  of  3  parameter  - 
the  Combustion  Center  Point  (CCP),  the  Refuse  Mass  Energy  (RME)  and  the  Air  Balance  in  Furnace  (ABF) 
which  are  determined  based  on  fuzzy  logic  from  a  range  of  measurements.  In  the  control  of  the  system, 
control  input  such  as  the  amount  of  air  injection,  refuse  feed  rate,  etc.,  to  the  furnace  are  controlled  using  a  fuzzy 
controller  which  use  the  current  control  input  and  the  quality  of  combustion  as  input  parameters.  This  s^sing 
and  control  system  has  been  implemented  and  tested  in  domestic  refuse  incinerators  built  by  Hitachi  Zosen 

Corporation. 

1.  INTRODUCTION 


Refuse  incineration  as  a  means  of  domestic  waste  disposal  has  several  advantages.  Firstly,  incineration  is  an 
efficient  and  rapid  way  to  reduce  the  volume,  weight  and  odor  of  domestic  refuse.  When  carried  out  in  high 
temperature  in  properly  designed  incinerator,  organic  toxic  material  (such  as  PCB)  and  biological  hazard  (such 
as  virus  and  bacteria)  can  be  removed,  and  the  heat  generated  can  be  used  for  heating  and  electricity  generation. 
As  a  result  domestic  refuse  incineration  are  adopted  by  many  European  countries  as  well  as  Japan  where 
population  density  and  other  factors  make  landfill  unattractive.  According  to  Japanese  government  statistics, 
49.66  million  tons  (75.5%  of  all  domestic  refuse  collected)  of  domestic  refuse  was  disposed  by  incineration  in 
1994[1].  In  Japan,  1892  incinerators  (those  operated  by  municipal  governments)  are  in  operation.  Comparatively 
fi<rures  for  other  countries  are  summarized  in  table  1. 


Table  1.  Refuse  Incineration  in  Several  European  and  American  Countries 


Countries 

(■year  when  statistics  is  collected) 

Germany 

(1993) 

Netherlands 

(1993) 

Sweden 

(1991) 

USA 

(1993) 

Annual  Domestic  Refuse 
Generation  (million  tons) 

43.5 

12.0 

3.2 

207.0 

Annual  amount  incinerated 

11.0 

2.8 

1.7 

32.9 

Percentage  incinerated 

25% 

23% 

55% 

16% 

Number  of  incinerator  plants 

53 

11 

21 

148 

Average  capacity  of  incinerator 
plants  Ikilo  tons! 

208 

255 

81 

223 

Allowable  dioxin  concentration  in 
exhaust  (ngTEQ/Nm^) 

0.1 

0.1 

0.1 

0.14-0.21 

Technologies  for  domestic  refuse  incinerator  are  developed  to  meet  tighter  and  tighter  regulations  on  the  amount 
of  toxic  material  that  can  be  released  in  the  form  of  exhaust  gas  and  ash.  When  incinerators  in  its  present  form 
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was  first  built  in  Japan  in  the  1950s,  the  only  regulation  on  exhaust  gas  release  is  on  dust  and  suspended  particle 
content.  Over  the  years,  regulations  have  been  subsequently  imposed  on  SOx  concentraion,  HCI  concentration 
and  NOx  concentration  in  the  exhaust.  From  1997,  the  new  guidelines  issued  by  the  Japan  government  state  that 
all  new  incinerator  plants  are  to  be  built  to  release  less  than  O.lngTEQ/NmS  of  doxin  in  its  exhaust  -  which  is 
also  the  standards  adopted  by  many  developed  countries.  A  variety  of  technologies  is  being  pursued  to  achieve 
this  standard.  One  of  which  is  the  control  of  the  incineration  process  within  the  furnace  so  that  complete  and 
stable  thermal  decomposition  of  refuse  can  be  achieved  in  high  temperature,  a  condition  essential  to  suppress  the 
generation  of  dioxin.  In  Hitachi  Zosen  Corporation,  we  have  developed  a  control  and  sensing  system  for 
incinerators  based  on  fuzzy  logic.  This  system  has  been  developed  with  the  aim  of  achieving  clean  combustion, 

i.e.  thorough  thermal  decomposition  of  hydrocarbon,  inside  the  furnace  of  the  incinerator,  so  that  production  of 
dioxin  is  minimized. 

2.  REFUSE  INCINERATOR 

The  layout  of  a  domestic  refuse  incinerator  plant  is  shown  in  Figure  1 .  Refuse  is  first  dumped  into  the  receive  pit 
(1)  where  it  is  mixed  and  fed  to  the  furnace  (2).  In  the  stoker  design  shown  in  this  figure,  the  furnace  bed  is 
inclined  with  movable  grating  at  the  bottom  of  the  bed,  which  acts  to  break  slag  which  may  form  at  the  bottom, 
and  forces  the  refuse 
layer  down  the  furnace 
bed.  Eventually  the 
refuse  is  decomposed 
into  ash  completely, 
which  is  collected, 
treated  and  removed. 

Inside  the  furnace, 
combustion  is  basically 
controlled  by: 

1 .  Refuse  feed  rate 

2.  Air  injection  rate 

3.  Air  temperature 


Fig.  1.  Domestic  refuse  incinerator 


The  exhaust  gas  from  the  furnace  is  passed  first  through  the 
exhaust  heat  boiler  (3)  where  heat  energy  is  collected  for 
electricity  generation  or  heating  purpose.  Then  it  is  passed 
to  the  bag  filter  (4)  where  suspended  particles  are  removed. 
Eventually  the  gas  is  washed  and  chemically  treated  (5)  to 
remove  the  remaining  toxic  gas  and  released  into  the 
atmosphere. 

In  any  refuse  incinerator,  dioxin  is  inevitably  produced  and 
released  into  the  exhaust  gas.  As  summarized  in  Figure  2, 
when  the  exhaust  gas  temperature  is  at  least  850  degree 
Celsius  and  has  a  resident  time  of  at  least  2  seconds,  most 
the  dioxin  is  decomposed  before  reaching  the  exit  of  the 
furnace.  At  the  same  time,  air  is  injected  inside  the  furnace 
at  the  upper  part  of  the  furnace  as  secondary  air  so  that 
oxygen  concentration  is  high  enough  for  complete 
combustion  of  suspended  particles,  and  turbulence  resulted 
from  air  injection  works  to  remove  cool  air  pocket  inside  the 
furnace  where  dioxin  may  not  be  decomposed. 
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3.  INCINERATION  PROCESS 


The  most  common  designs  for  the  furnace  of 
incinerators  are  stoker,  fluidized  bed  and  rotary 
kiln.  The  furnace  for  stoker  type  of  incinerator  is 
shown  in  Figure  3.  Compared  with  other  types  of 
incinerators  such  as  rotary  kiln  or  fluidized  bed, 
stoker  is  robust  and  well  established  for  large  scale 
domestic  refuse  incineration.  Refuse  is  fed  by 
means  of  overhead  crane  from  refuse  pit  into  the 
refuse  hopper.  From  there,  the  refuse  is  transported 
by  the  movable  grate  down  the  furnace.  The  grate 
is  divided  into  3  region: 

1.  Drying  grate,  where  refuse  is  preheated  to 
remove  excess  water 

2.  Combustion  grate,  where  high  temperature 
incineration  occurs 

3.  Burnout  grate,  where  refuse  are  allowed  to 
burnout  and  ash  is  discharged  into  the  ash  pit 

As  shown  in  Figure  4,  air  boxes  are  installed  under 
the  grates  from  which  preheated  primary  air  is 
delivered.  Secondary  air  is  introduced  directly  into 
the  furnace.  Temperature  and  pressure  sensors  are 
also  installed  inside  the  furnace  to  monitor  the 


Fig.  3.  Stoker  furnace 

conditions  inside  the  furnace.  Together  with  the 

flow  sensors  for  primary  air  and  secondary  air,  r  u  f 

camera  is  also  installed  inside  the  furnace  so  that  operators  can  monitor  the  internal  condition  ot  the  turnace. 
Therefore,  the  measurements  that  can  be  used  as  control  input  can  be  summarized  as  follows: 


1 .  refuse  feed  rate  (grate  movement  speed) 

2.  furnace  temperature 

3.  furnace  pressure 

4.  primary  air  flow  rate 

5.  secondary  air  flow  rate 

6.  visual  image 

4.  PROCESS  MODELING 

To  design  an  effective  controller  for  incinerator,  it 
is  first  necessary  to  construct  a  mathematical 
model  for  the  process  inside  the  furnace.  For 
conventional  PID  controller  design,  it  is  usual 
practice  to  use  linear  model  to  simulate  the 
process.  When  the  process  is  complicated, 
additional  parameters  are  used  to  account  for 
additional  input/output  relationship. 

Although  various  measurements  are  obtained 
during  the  operation  of  an  incinerator,  it  has  been 
very  difficult  to  model  the  combustion  process 
inside  the  furnace  with  high  accuracy.  The  most 
important  reason  is  that  the  calorific  value  of  the 
refuse  cannot  be  determined  easily  -  and  is  in  fact 
not  sampled  for  control  purpose  in  most  cases. 


Fig.  4.  Control  of  combustion  in  stoker 
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Furthermore,  depending  on  that  state  of  refuse  the  combustion  process  can  vary  a  lot  -  but  it  is  simply 
impossible  to  parameterized  all  changes  in  the  quality  of  the  refuse.  Another  difficulties  in  deriving  a  precise 
combustion  model  for  controller  design  is  that  there  is  a  long  reaction  time  for  the  process.  Typically,  refuse 
stays  inside  the  furnace  for  about  2  hours  before  fully  incinerated  and  discharged  into  the  ash  pit.  Therefore  any 
change  in  parameters,  such  as  large  change  in  the  calorific  value  of  the  refuse  feed,  may  be  observed  only  after  a 
long  time  delay.  By  that  time  it  is  already  too  late  to  take  action  to  control  the  process.  Knowing  that  it  is 
difficult  to  construct  a  physical  model  for  the  incineration  process,  we  have  made  use  of  the  flexibility  provided 
by  fuzzy  logic  to  represent  the  properties  of  the  process.  While  the  model  is  deterministic,  the  membership 
function  in  the  model  can  be  adjusted  to  absorb  the  deviation  of  the  model  from  the  physical  process.  This  is 
analogous  to  the  control  and  monitoring  of  incinerators  by  experienced  operators.  In  most  case,  operators  have 
no  complete  knowledge  of  the  combustion  process,  the  quality  of  the  refuse,  etc.  But  his/her  fragmented  know¬ 
how  in  the  operation  and  collection  of  scenario-reaction  rules  are  usually  valuable  in  the  day-to-day  operation  of 
incinerator. 

In  our  fuzzy  process  model,  the  state  of  the  incinerator  are  characterized  by  3  fuzzy  parameters: 

1  ■  Combustion  Center  Point  tCCPi  -  which  indicate  the  center  of  combustion  within  the  furnace.  There  is  an 
optimal  CCP  within  the  furnace  that  make  complete  combustion  of  refuse  more  likely.  Examples  are  shown 
in  figure  5.  In  figure  5(a),  the  primary  air  is  inefficient  in  the  combustion  grate  but  abundant  in  the  burnout 
grate.  Therefore  the  CCP  is  upstream.  In  figure  5(b),  the  refuse  feed  rate  is  too  low,  resulting  in  CCP 
moving  upstream.  In  figure  5(c),  the  conditions  are  optimal  and  so  the  CCP  is  at  the  proper  position. 


Fig.  5(a)  Fig.  5(b)  Fig.  5(c) 

Fig.  5.  The  concept  of  CCP 

2.  Refuse  Mass  Energy  (RME)  -  which  measures  the  thermal  energy  possessed  by  refuse.  If  RME  decreases, 
heat  release  during  combustion  tends  to  decrease. 

3.  Air  Balance  in  Furnace  (ABF)  -  which  measures  the  balance  of  combustion  air  within  the  furnace.  A  steady 
ABF  indicates  that  combustion  air  supply  is  sufficient  and  combustion  is  stable. 

These  fuzzy  parameters  are  deduced  from  physical  measurements  as  shown  in  Figure  6.  CCP  is  deduced  by 
fuzzy  logic  from  the  image  of  furnace  flame  obtained  by  camera  placed  to  capture  the  view  inside  the  furnace, 
and  temperature  measurements  within  the  furnace.  RME  is  deduced  from  the  flow  of  combustion  air, 
temperature  within  the  furnace  and  thickness  of  the  refuse  layer.  ADB  is  deduced  from  flow  rate  of  cooling  air, 
combustion  air  and  secondary  air.  While  measurements  are  deterministic,  CCP,  RME  and  ADB  are  all  fuzzy 
concept.  Based  on  this  'fuzzy  sensor'  process  model,  control  system  for  refuse  incinerator  is  designed. 

5.  CONTROL  SYSTEM 

In  designing  the  controller  system  for  domestic  refuse  incinerators,  the  objective  is  to  achieve  dioxin  free 
incineration.  However,  the  concentration  of  dioxin  in  the  exhaust  gas  is  extremely  low  and  analysis  of  dioxin 
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concentration  is  extremely  complicated 
and  time  consuming.  Real  time 
monitoring  and  control  is  not  possible. 

It  is  found  that  dioxin  production  is 
minimized  if  the  conditions  summarized 
in  Figure  2  is  achieved.  These  same 
conditions  strongly  influence  CO 
production  in  the  incinerator.  In  fact,  it  is 
found  that  there  is  a  strong  statistical 
correspondence  between  CO  production 
and  dioxin  production.  A  typical  CO 
concentration  measurement  collected 
during  incinerator  operation  is  shown  in 
Figure  10.  Sudden  increase  in  CO 
concentration  corresponding  to 
incomplete  combustion  shows  up  from 
time  to  time.  This  may  occurs  when  bulky 
refuse  is  fed,  air  is  temporarily  run  out, 
etc.  When  these  peaks  of  CO  occurs, 
production  of  dioxin  is  found  to  be 
maximum.  Since  CO  concentration  can  be 
measured  in  real  time,  CO  is  usually 
measured  in  place  of  dioxin  to  monitor 
incinerator  condition. 

As  expected,  FID  control  strategy  is  by  far 
the  most  common  technique  used  in 
incinerator  controller  design.  Since 
combustion  process  is  extremely  difficult 
to  model  and  predict,  FID  techniques  have 
been  useful  in  providing  well  understood 
and  robust  design  for  controller. 

However,  as  the  regulation  on  dioxin 
release  becomes  tight,  more  precise 
control  of  the  combustion  process  is 
needed.  There  are  attempts  to  model  and 
identify  the  dynamics  of  incinerator  more 
precisely  so  that  predictive  control  can  be 
implemented[2].  On  the  other  hand, 
identification  of  the  complicated 
combustion  process  by  non-linear,  'black¬ 
box'  techniques  such  as  neuro  networks  is 
also  reported[3]. 

As  mentioned  in  section  5,  we  have  found 
fuzzy  logic  a  useful  technique  to  model 
the  combustion  process  of  a  refuse 
incinerator,  in  the  sense  that  we  can  use  all 
the  available  measurements  to  evaluate 
the  state  of  the  combustion  process  to 
obtain  a  robust  and  stable  model  which 
can  also  take  into  account  the  fuzzy  know¬ 
how  of  operators  to  tune  the  model.  The 
fuzzy  states  of  CCF,  RME  and  ABF  can 


Fuzzy  Fuzzy 
Measurements  Relationship  States 


Fig.  6.  Fuzzy  Sensor  Process  Model 


Fig.  7.  Cause  and  effect  relationship  between  combustion  process 
and  CO  generation 


1408 


be  used  to  predict  CO  concentration  by 
fuzzy  relationship  as  shown  in  Figure  8. 

This  CO  prediction  is  in  term  used  to 
modify  the  control  input  to  the  incinerator. 
Based  on  CO  prediction,  fuzzy  controller 
produces  output  that  reduce  CO 
production.  On  the  other  hand,  non-fuzzy, 
conventional  PID  controller  has  been 
developed  and  used  in  refuse  incinerators. 
These  PID  controllers  are  used  as 
regulators  to  maintain  the  flow  rate  and 
temperature  of  primary  air  and  secondary 
air  constant,  and  to  regulate  the  refuse 
layer  thickness  on  the  grate  constant  by 
controlling  the  feed  rate  (movement 
speed)  of  the  movable  grate.  The  output 
from  the  PID  controller  and  the  output 
from  the  fuzzy  controller  is  combined  to 
give  final  control  input  to  the  incinerator. 
In  this  way,  the  experience  gained  in  the 
development  of  traditional  PID  controller 
is  fully  utilized  in  the  final  configuration 
of  the  controller  software  (Figure  9)[4,5]. 

During  the  experimentation  stage,  an  in 
house  developed  fuzzy  controller  was 
used  for  the  implementation  of  the  fuzzy 
logic.  A  new  hybrid  intelligent  multi- 
programmable  controller  developed  by 
Icon  Corporation  is  used  for  present  and 
future  development  and  deployment.  It 
consist  of  not  only  pure  fuzzy  control,  but 
also  fuzzy  PID  control  and  PID  control  so 
that  both  fuzzy  control  or  PID  control  or 
fuzzy  PID  control  can  be  chosen  during 
installation,  experimentation  and 
operation.  The  hybrid  controller  is 
equipped  with  a  powerful  software  tool  so 
that  users  can  construct/programm  control 
system  with  ease  under  the  Windows 
environment  (95/98/NT). 


Fuzzy  Fuzzy 

States  Relationship  Prediction 

Fig.  8.  Fuzzy  predicition  of  CO  concentration 


Fig.  9.  Fuzzy  ACC  for  refuse  incinerator 


6.  EXPERIMENTAL  RESULTS 

The  fuzzy  controller  has  been  implemented  in  an  operational  refuse  incinerator  in  Osaka,  Japan  and  data  has 
been  collected  and  analyzed  during  normal  operation  when  ordinary  domestic  refuse  was  incinerated.  In  Figure 
10,  CO  concentration  was  measured  for  a  time  span  of  4.5  hours,  and  is  plotted  against  the  value  of  RME. 
During  the  operation,  fuzzy  ACC  (Automatic  Combustion  Control)  system  was  used  in  the  first  half,  while  the 
fuzzy  part  was  switched  off  during  the  second  half  of  the  operation.  When  CO  concentration  is  used  as  a 
barometer  for  dioxin  production,  instead  of  its  absolute  concentration  it  is  the  CO  peak  (which  occurs  the  most 
prominently  at  13:11  in  Figure  10)  that  indicates  incomplete  combustion  and  therefore  high  dioxin  production. 
Data  in  Figure  10  shows  that  with  the  fuzzy  controller,  CO  concentration  was  kept  more  or  less  even  at  a  low 
concentration  less  than  50ppm.  When  the  fuzzy  part  of  the  controller  was  switched  off  (only  the  conventional 
PID  regulators  in  use),  not  only  the  absolute  concentration  of  CO  was  increased,  there  were  also  numerous  CO 
peaks  above  50ppra  observed. 
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Since  CO  peaks  are 
important  barometer  for 
incomplete  combustion  and 
dioxin  production,  the 
number  of  CO  peaks  were 
counted  during  a  24  hour 
operation  cycle.  The  results 
are  summarized  in  figure  1 1 
and  12.  With  fuzzy  ACC 
we  had  a  count  of  8  times, 
while  the  count  for 
conventional  PID  controller 
is  59  times.  The  number  of 
CO  peaks  above  50  ppm  is 
cut  by  85%.  Another 
important  parameter  is 
combustion  control  is 
oxygen  concentration,  since 
a  minimum  concentration 
of  8%  is  required  for  stable 


Fig.  10.  Variation  of  CO  concentration  during  an  experiment 


Fig.  11(a)  CO  cone,  peak  -  PID  controller 


Fig.  11(b)  CO  cone,  peaks  -  fuzzy  controller 


and  complete  combustion.  Oxygen  concentration  and  CO  concentration  data  were  collected  and  compared  in 
Figure  O.From.  Figure  13,  it  is  found  that  CO  concentration  is  distributed  towards  the  lower  end  when  fuzzy 
ACC  is  used.  Operation  at  lOppm  or  lower  is  about  50%  of  the  time  with  conventional  PID  regulator.  In  the  case 
of  Fuzzy  ACC  it  is  about  62%.  The  average  CO 
concentration  of  14ppm  is  extremely  low  when  PID 
regulator  is  used.  With  fuzzy  ACC  the  concentration 
is  even  lower.  For  oxygen  concentration,  the 
histogram  shows  that  when  fuzzy  ACC  is  used  the 
distribution  is  centered  around  7.8%  to  8.5%.  The 
mean  and  standard  deviation  is  slightly  lower  than 
the  case  of  conventional  PID  regulator,  which  means 
that  a  more  stable  and  efficient  combustion  is 
achieved.  In  short,  we  found  that  the  fuzzy  logic 
based  sensing  system  and  controller  is  effectively  in 
providing  a  stable  combustion  in  the  furnace  and  in 
reducing  CO  peaks,  and  so  production  of  dioxin  is 
expected  to  reduce.  Further  R&D  on  the  application 
of  fuzzy  controller  for  fluidized  bed  incinerator  and 
new  gasification  melting  incinerator  is  now  being 
developed  in  Hitachi  Zosen  Corporation. 
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Fig.  13.  Comparison  of  CO  and  oxygen  concentration  measurement 


7.  CONCLUSION 

Due  to  various  environmental  problems  associated  with  landfill,  scarcity  of  land  resource,  and  the  maturity  of 
incinerator  technology,  more  and  more  countries  in  Europe  and  Asia  are  turning  to  incineration  as  the  means  of 
refuse  disposal.  Stringent  dioxin  release  limit  as  low  as  O.lngTEQ/Nm^  is  common  in  the  international 
community.  In  order  to  meet  this  limit,  it  is  necessary  to  take  every  precaution  in  the  design  and  operation  in  the 
whole  process  of  refuse  incineration  from  waste  collection  to  ash  disposal.  It  is  therefore  necessary  to  improve 
the  design  of  incinerator  controller  so  that  production  of  dioxin  within  the  furnace  is  kept  to  a  minimum.  In  the 
case  of  incinerators,  controller  design  is  a  matter  of  trade-off  between  poorly  defined  control  objectives  under 
poorly  defined  conditions.  We  have  defined  3  fuzzy  parameters  to  quantify  the  combustion  process  -  CCP,  RME 
and  ABE  The  values  of  these  parameters  are  evaluated  based  on  fuzzy  logic  from  a  number  of  sensor 
measurements  as  well  as  results  from  image  processing.  These  fuzzy  model  of  the  combustion  process  is  then 
used  in  the  fuzzy  controller  for  the  incinerator,  where  the  prediction  value  of  CO  concentration  is  used  to  adjust 
refuse  feed  rate,  air  flow  rate  and  grate  movement,  etc.  In  implementation  and  experimentation,  CO 
concentration  peak  count  is  used  as  barometer  of  dioxin  production.  Experimental  results  shows  that  satisfactory 
reduction  in  CO  peaks  can  be  achieved  with  the  fuzzy  controller  design. 
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ABSTRACT.  The  principle  of  the  novel  treatment  technology  of  liquid  waste  treatment  is  based  on  free  radicals 
from  natural  gas  flame  to  destroy  organic  pollutants  through  a  chemical  oxidation  process  and  oxidizes  the  organic 
substance  in  aqueous  phase.  Its  original  concept  is  based  on  a  direct  contact  between  a  contominated  liquid  stream 
and  the  flame  of  a  gas-fired  burner  containing  free  radicals  such  as  OH*,  H  ,  CH3  and  CHO  .  The  high  temperature 
of  the  flame  enables  completion  of  the  oxidation  of  the  organic  substance,  in  aqueous  phase,  by  means  of  the  oxygen 
excess  present  in  flame.  Experimental  results  obtained  on  a  50kW-test  bench  shows  a  pollutant  destruction 
efficiency  of  75  to  99%  for  wastewater  contaminated  by  phenol,  toluene,  xylenes  (ortho,  meta  and  para),  or  acetone 
having  a  concentration  varying  between  180  and  82,000  ppm.  The  cumulative  specific  energy  consumption  varies 
from  0.4  to  0.5  kWh/L  of  treated  liquid  waste  stream. 

INTRODUCTION 

Hazardous  organic  substances  such  as  phenol,  benzene,  toluene,  chloro-  or  nitro-benzene,  methanol,  xylene,  styrene, 
and  other  volatile  or  halogenated  organic  compounds  often  contaminate  industrial  liquid  waste  streams.  The  main 
sources  of  such  waste  streams  are:  treatment/disposal  processes  for  industrial  waste  waters  and  liquid  wastes,  oil 
refineries  and  petrochemical  plants,  pulp  and  paper  mills,  foundries  and  metal  refineries,  metaVplastic  product 
manufacturing,  organic  chemicals  plants,  tanneries,  food  industry  and  mineral  industry.  The  numerous,  available 
processes  for  treating  such  liquid  waste  streams  can  be  divided  into  three  types  of  processes:  biological,  physical  and 
chemical  (Table  1).  A  combination  of  biological,  physical  and/or  chemical  processes  may  also  be  used.  The 
efficiency  of  the  biological  processes  in  destroying  organic  substances  can  be  as  high  as  97%.  However,  certain 
factors  such  as  a  concentration  of  organic  matter  higher  than  500  mg/L  or  lower  than  5  mg/L,  and/or  a  temperature 
lower  than  10°C  may  adversely  affect  the  efficiency  of  such  biological  processes.  This  is  also  the  case  in  the 
presence  of  halogenated  contaminants.  The  basic  concept  of  the  physical  processes  is  to  transfer  one  organic 
substance  toward  another  one.  These  physical  processes  present  two  drawbacks:  they  are  selective  in  the  treatment 
of  the  liquid  effluent,  and  they  require  storage  and/or  disposal  of  the  eliminated  contaminants.  The  chemical 
processes  use  conventional  oxidation  agents  such  as  chlorine,  chlorine  dioxide,  potassium  permanganate,  hydrogen 
peroxide,  ozone,  ultraviolet  radiations,  sulphite  ions,  and  others.  They  are  often  limited  with  respect  to  the  volume  of 
liquid  waste  to  be  treated.  Wet  oxidation  which  uses  air  (or  pure  oxygen)  as  oxidant  shows  high  efficiencies  but  is 
restricted  by  severe  operation  conditions:  pressures  of  the  order  of  2  to  25  MPa  [1]. 

The  above  brief  analysis  of  treatment  methods  suggests  that  pollution  prevention  requires  a  change  in  “philosophy” 
so  that  the  generation  of  contaminated  wastes  has  to  be  viewed  as  an  inefficient  production  process  rather  than  as  an 
inevitable  environmental  problem.  Many  chemical  process  industries  are  working  toward  a  goal  of  “zero  discharge” 
which,  in  many  cases,  means  the  elimination  of  certain  priority  pollutants  or  toxic  substances  in  the  liquid  waste 
streams  from  a  facility. 


'  Author  to  whom  correspondence  should  be  addressed. 
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The  main  selection  criteria  either  for  destruction  or  recovery  process  are: 

1 .  Flowrate  of  the  contaminated  liquid  waste  stream  to  be  treated; 

2.  Flowrate  variability  of  the  contaminated  liquid  waste  stream  to  be  treated; 

3.  Chemical  composition  of  the  liquid  waste  stream  to  be  treated; 

4.  Concentration  of  the  organic  pollutants,  and 

5.  Limitations  and  constraints  of  the  production  process. 

Table  1.  Major  Sources  of  Liquid  Waste  Streams 


Category 

Effluent  flowrate 
(m^/day/plant) 

Treatment  mode 

Organic  chemicals  plants 

30  to  200,000 

-  Physico-chemical 

-  Chemical 

Oil  refineries  and  petrochemical  plants 

1000  to  192,000 

-  Physical 

-  Physico-chemical 

Pulp  and  paper  mills 

500  to  175,000 

-  Chemical 

-  Biological 

Treatment/disposal  processes  for  industrial 
waste- waters  and  liquid  wastes 

>  500,  generally  variable 

-  Chemical 

-  Physical 

-  Underground  injection 

The  new  treatment  method  presented  in  this  paper,  the  Direct  Contact  Thermal  Treatment  (DiCTT)  Technology 
[2,3]  provides  a  decontamination  process  capable  of  substantially  eliminating  the  above  discussed  drawbacks  of  the 
prior  art.  Table  2  shows  the  principal  competing  commercial  technologies  of  the  DiCTT  process. 


Table  2.  Principal  Competing  Technologies  of  DiCTT  Technology 


Technology 

Advantages 

Disadvantages 

Wet  Air  Oxidation  (WAO) 

well  known  technical  process 

costly 

Electric  Plasma  Oxidation  (EPO) 

well  known  technical  process 

very  costly 

Photochemical  Process 

none 

small  scale  only 

Dilution  and  biological  Treatment 

less  costly 

Under  specific  conditions 

DESCRIPTION  OF  THE  “DiCTT”  TECHNOLOGY 

The  principle  of  the  DiCTT  technology  {Fig.  1)  is  based  on  a  direct  contact  between  the  contaminated  liquid, 

containing  at  least  one  organic  pollutant,  and  a  natural  gas  flame.  It  consists  of  (Fig.  2): 

1.  a  vertical  stainless  steel  reactor; 

2.  a  gas-fired  burner  to  produce  in  this  reactor  a  flame  centred  on  the  geometrical  axis  which  provides  free  radicals 
and  oxygen; 

3.  a  means  for  producing  a  flow  of  liquid  effluent  on  the  inner  wall  of  the  reactor  to  cause  a  direct  contact  between 
(a)  the  flame  containing  free  radicals  and  oxygen,  and  (b)  the  organic  substance  contaminating  the  liquid 
effluent; 
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4.  a  liquid/gas  separator  for  separating  liquid  from  gaseous  products  exiting  the  outlet  of  the  reactor; 

5.  a  stainless  steel  reservoir  containing  the  contaminated  wastewater; 

6.  a  stainless  steel  reservoir  containing  hydrogen  peroxide  as  an  auxiliary  oxidizing  agent. 

The  liquid  effluent  may  contain  an  organic  mixture  of  a  first  easily  oxidized  species  and  a  second  recalcitrant 
species,  so  that  aqueous-phase  oxidation  reactions  occur  in  the  reactor,  proceeding  according  to  a  free-radical 
mechanism  and  being  characterized  by  an  induction  period  followed  by  a  rapid  reaction  phase. 

Fig.  1  and  2  are  schematic  views  of  the  DiCTT  concept  and  a  pilot-scale  experimental  installation  for 
decontaminating  a  liquid  effluent  located  at  Energy  Diversification  Research  Laboratory’s  facilities  (Varennes, 
Canada).  As  illustrated  in  Fig.  1  and  2,  the  reactor  and  its  geometrical  axis  may  be  generally  horizontal  or  vertical. 
The  contaminated  liquid  effluent  is  injected  tangentially  in  the  reactor  through  a  tangentially  oriented  orifice  so  as  to 
produce  a  helical  flow  of  contaminated  liquid  effluent  on  the  cylindrical  inner  wall  of  the  reactor. 


EXCHAUST 


Fig.l.  Principle  of  DiCTT  technology  concept 

With  the  geometry  of  the  arrangement  of  Fig.  1  and  2,  the  helical  flow  produces  a  direct  and  intimate  contact  of  the 
liquid  effluent  with  the  free  radicals  such  as  OH*  of  the  flame  to  cause  oxidation,  in  liquid  phase.  The  helical  flow 
also  increases  the  surface  of  contact  between  the  free  radicals  and  the  flame.  The  high  temperature  of  the  flame 
contributes  to  the  performance  of  this  free  radical  oxidation  reaction.  Simultaneously,  the  high  temperature  of  the 
flame  enables  completion  of  the  process  of  oxidation,  in  liquid  phase,  by  means  of  the  excess  oxygen  present  in  the 
flame.  Also,  an  auxiliary  liquid  oxidizing  agent  (hydrogen  peroxide)  is  added  in  the  reactor  to  further  improve  the 
performance  of  the  free  radical  oxidation  reaction  of  the  organic  pollutants  such  as  phenol. 
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Fig.  2.  Flow  diagram  of  50  kW-DiCTT  test-bench 
LIQUID-PHASE  OXIDATION  OF  PHENOL 

It  is  generally  believed  that  two  steps  control  the  complete  phenol  aqueous-phase  oxidation  process: 

1 .  the  mass  transfer  of  oxygen  and  ffee-radicals  from  the  gaseous  phase  (gas-fired  flame)  to  the  liquid  phase, 

2.  the  reaction  between  dissolved  oxygen  and  the  phenols. 

Our  experiments  indicate  that  the  aqueous  phase  oxidation  of  phenol  proceeds  according  to  a  complex  free-radical 
mechanism.  Consequently,  the  reaction  rate  is  initially  slow  over  an  induction  period,  and  is  followed  by  a  fast 
reaction  phase  during  which  most  of  the  phenol  degradation  occurs.  During  the  induction  period,  initiation  reactions 
gradually  increase  the  concentration  of  free  radicals  until  propagation  becomes  the  dominant  process.  The  addition 
of  free-radical  initiators  reduces  the  length  of  the  induction  period.  The  length  of  the  induction  period  is  inversely 
proportional  to  the  concentration  of  dissolved  oxygen.  At  high  temperatures,  in  the  aqueous  phase,  the  form  in  which 
oxygen  participates  in  chemical  reactions  is  complex.  O*  radicals  are  formed  and  can  react  with  water  and  oxygen, 
giving  peroxide  (H2O2)  and  ozone  (O3).  These  four  species,  O*,  O2, 03  and  H2O2,  are  capable  of  oxidizing  phenols  and  so 
reducing  the  induction  period.  At  high  temperatures  and  in  the  presence  of  water,  oxygen  is  capable  of  three  different 
oxidation  reactions.  It  may  substitute  an  oxygen  atom  into  an  aromatic  ring  to  form  a  dihydric  phenol  or  quinone.  It  is 
also  capable  of  attacking  carbon-to-carbon  double  bonds  to  form  carbonyl  compounds.  Finally,  it  may  oxidize  alcohols 
and  carbonyl  groups  to  form  carboxylic  acids.  It  has  been  shown  that  the  oxidation  of  phenol  by  hydrogen  peroxide 
implies  the  intermediate  formation  of  catechol  and  hydroquinone  in  the  presence  of  ferrous  salts.  These  products  are  in 
turn  oxidized  to  produce  quinone,  and  then  carboxylic  acid  and,  finally,  carbon  dioxide  [4]. 

During  the  combustion  of  natural  gas  free  radicals  are  formed  in  the  reaction  zone  of  the  flame  and  may  be  used  to 
initiate  phenol  degradation  reactions.  Thus  the  fuel  is  subject  to  a  series  of  simple  reactions  during  which  hydrogen  is 
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removed  from  the  hydrocarbon  molecules,  mainly  thanks  to  the  OH  radicals  [5].  Phenol  is  more  reactive  in  an 
oxidizing  system  where  attack  by  hydroxyl  radicals  (OH*)  predominates,  rather  than  in  pyrolysis  situations,  where 
attack  by  hydrogen  atoms  is  dominant. 
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Fig.3.  Mechanism  ruling  the  free-radical  oxidation  of  phenol 

Fig.  3  shows  the  main  steps  involved  in  the  mechanism  ruling  the  oxidation  of  phenol.  At  high  temperature,  the  side 
chain  of  phenol  is  decayed;  this  decay  is  characterized  by  the  rupture  of  the  bond  0-H,  and  leads  to  the  formation  of 
a  phenyl  radical  in  passing  by  a  sequence  of  formation  of  unstable  aromatic  intermediates.  The  oxidation  reaction 
propagates  and  leads  to  the  rupture  of  the  ring.  Accordingly,  as  phenol  disappears,  carbon  monoxide  is  produced. 
Carbon  dioxide  is  formed  after  a  substantial  increase  of  the  concentration  of  carbon  monoxide  accompanied  by  a 
rapid  increase  of  temperature.  The  formation  of  these  carbon  oxides  is  preceded,  in  particular,  by  the  formation  of 
aliphatic  intermediates  including  aldehydes  and  carboxylic  acids,  mainly  oxalic  acid. 

EXPERIMENTAL  RESULTS 

Table  3  summarizes  the  major  results  obtained  on  the  50kW-DiCTT-test  bench.  In  the  mentioned  experiments,  the 
incoming  liquid  waste  stream  is  preheated  up  to  70-75°C  before  oxidation  occurs  in  the  reactor.  Table  3 
demonsftates  clearly  the  effect  of  the  hydrogen  peroxide  (H2O2),  used  as  an  auxiliary  oxidizing  agent,  in  increasing 
the  destruction  efficiency  of  the  refractory  pollutants:  H2O2  concentration  was  varied  from  10  to  80%  of 
stoichiometric  oxidation  reaction  and  50%  was  the  optimum  value,  and  the  average  residence  time  varied  between 
20  and  90  minutes,  depending  on  the  operating  conditions.  Test  5  is  based  on  an  industrial  effluent,  provided  by  a 
photochemical  company,  which  is  contaminated  with  acetone,  acetic  and  oxalic  acids,  and  phenolic  compounds. 

For  all  tests,  the  maximum  evaporation  rate  was  about  5%  and  the  outlet  gas  stream  is  composed  mainly  of  CO, 
NOx,  CO2:  NOx  concentration  varied  from  5  to  40  ppm  while  CO  emissions  varied  from  15  to  250  ppm. 
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Table  3.  Experimental  Results 


Test 

No. 

Excess 

Air 

(%) 

Inlet 

Liquid 

Flowrate 

(IVh) 

Type  of  Organic 
Pollutant/Concentratio 

n 

Hydrogen  Peroxide 
Concentration 
(%  of  Stoichiometric) 

Pollutant 

Destruction 

Efficiency 

(%) 

1 

■■ 

30 

235 

Phenol/500  ppm 

50 

90.0 

2 

37 

245 

Phenol/500  ppm 

50 

95.0 

3 

36 

243 

Phenol/500  ppm 

50 

98.0 

4 

42 

36 

235 

Phenol/3,900  ppm 

50 

97.0 

5 

40 

33 

254 

Acetone/82,000 
ppm  +  phenol/250 
ppm 

50 

Acet.  =  92.0 
Phe.  >  99.9 

6 

42 

30 

245 

Phenol/500  ppm 

50 

92.0 

7 

40 

30 

250 

Toluene/220  ppm 

0 

98.0 

8 

42 

30 

240 

Phenol/600  ppm 

0 

75.0 

42 

30 

250 

Xylenes/180  ppm 

0 

95.0 

43 

30 

245 

Phenol/1 1 ,500  ppm 

50 

99.0 

HHV  means  Higher  Heating  Value. 


COST  ESTIMATION  OF  THE  DICTT  TECHNOLOGY 

In  Canada,  three  industrial  sectors  represent  about  80%  of  the  whole  market  of  the  hazardous  aqueous  wastes: 
treatment/disposal  processes  for  industrial  wastewater  and  liquid  wastes,  oil  refineries  and  petrochemical  plants,  and 
pulp  and  paper  mills.  Cost  estimation  of  the  DiCTT  technology  includes  operating  and  capital  costs.  The  capital  cost 
shown  in  Table  4  represents  the  fixed-capital  investment  necessary  for  the  installed  DiCTT  equipment  with  all 
auxiliaries  that  are  needed  for  complete  DiCTT  operation. 

The  operating  labour  cost  may  vary  due  to  the  company  labour  policy,  the  multiplicity  of  units,  and  the  amount  of 
instrumentation  and  control  for  the  process. 

Annual  costs  for  equipment  maintenance  and  repairs  may  range  from  as  low  as  2%  of  the  capital  cost  if  operating 
conditions  are  light  to  20%  for  cases  in  which  there  are  severe  operating  conditions.  For  example,  for  the 
complicated  processes  with  severe  corrosive  conditions  or  extensive  instrumentation,  maintenance  and  repair  costs 
may  be  as  high  as  7  to  11%  [5].  For  the  purposes  of  the  DiCTT  technology,  the  average  maintenance  and  repair  cost 
will  be  taken  as  15%  of  the  overall  capital  cost.  The  major  assumptions  used  in  Table  4  are  as  follows: 

1.  The  incoming  liquid  waste  stream  is  contaminated  by  phenol. 

2.  The  flowrate  of  liquid  effluent  to  be  treated  is  2000  litres/h  with  4  hours/day,  5  days/week  and  48  weeks/year. 

3.  The  initial  concentration  of  phenol  is  500  ppm. 

4.  Higher  heating  value  of  natural  gas  is  38.6  MJ/m^  and  its  cost  is  0. 1  $/m^  (std). 

5.  The  cost  of  hydrogen  peroxide  is  1000  US$/ton  (metric). 

6.  The  electricity  cost  is  0.04  $/kWh. 
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Table  4.  Operating  and  Capital  Costs  of  DiCTT  Technology  (all  costs  are  in  Canadian  dollars) 


Type  of  Costs 

Consumption 

Costs 

Operating  Costs: 

89,534  m^/year 

76  kg/year 

53,750  kWh/year 

14,554  mVyear 

20%  of  overall  energy 
consumption 

1  worker/unit/shift 

15%  of  fixed-capital  costs 

8,953$/year 

76  $/year 
2,153$/year 
l,455$/year 

2,512$/year 

24,000$/year 

20,700$/year 

59,849  $/year 
(=60,000$/year) 

•  Natural  Gas 

•  Hydrogen  Peroxide 

•  Electricity 

•  Preheating  of  liquid/Natural 
Gas 

•  Other  costs  due  new 
technology  instabilities 

•  Operating  labour 

•  Maintenance  and  Repairs 

OVERALL  OPERATING  COSTS 

Capital  Costs: 

15,000$ 

25,000$ 

•  Materials/Equipments 

•  Bumer+Gas  Train 

8,000$ 

•  Reactor 

5,000$ 

•  Gas-Liquid  Separator 

8,500$ 

•  Feeding  Pump 

1,500$ 

•  Recirculation  Pump 

10,000$ 

•  Controllers 

10,000$ 

•  Buffer  Reservoir 

15,000$ 

•  Tubular  Heat  Exchanger 

40,000$ 

•  Installation 

138,000$ 

OVERALL  CAPITAL  COSTS 

198,000$ 

TOTAL  COSTS 

COST  COMPARISON  WITH  WAO  AND  EPO  TECHNOLOGIES 


The  capital  costs  for  Wet  Air  Oxidation  (WAO)  units  depend  primarily  on  the  flow  and  oxygen  demand  of  the 
waste,  the  severity  of  the  oxidation  conditions,  and  the  materials  of  construction.  The  operating  costs  are  a  mos 
entirely  for  the  power  to  compress  air  to  the  required  high  pressure. 


Table  5  presents  a  cost  comparison  of  the  WAO  and  DiCTT  technologies  for  the  same  contaminated  waste  water 
flowrate.  This  cost  comparison  is  based  on  a  WAO  operating  pressure  of  2  to  3  MPa. 


Electro-Plasma  Oxidation  (EPO), 
for  the  treatment  of  contaminated 
molecules,  atoms,  ions,  electrons 
gas,  either  between  high-voltage 


used  for  many  years  in  the  metal  industry,  is  starting  to  be  used  in  a  new  application, 
effluents.  A  plasma  is  a  partially  ionized  gas,  electrically  neutral  overall,  containing 
and  free  radicals  in  movement  [6].  Plasmas  are  generated  by  electrical  discharge  in  a 
electrodes,  or  induced  by  microwave  or  radio  radiation.  The  pressure  of  the  gas 
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involved  determines  the  temperature  and  transport  properties  of  each  plasma.  With  temperatures  of  up  to  10,000°C, 
plasmas  break  down  toxic  compounds  in  a  few  milliseconds,  avoiding  the  formation  of  secondary  combustion  products. 
These  processes  are  very  expensive,  since  the  equipment  must  withstand  very  high  temperatures,  the  electrical  energy 
demand  is  enormous,  and  the  scale-up  is  complicated.  This  process  would  be  used  to  handle  complex  waste  problems. 
Moreover,  the  capacity  of  facilities  for  plasma  treatment  of  liquid  organic  materials  is  limited  to  800  Litres/hour.  Data  in 
Table  5  show  that  operating  and  capital  costs  of  DiCTT  technology  are  significandy  lower. 

Table  5.  Cost  Comparison  Between  DiCTT,  WAO  and  EPO  Technologies  (all  costs  are  in  Canadian  dollars) 


Technology 

Operating  Costs 

($/year) 

Capital  Costs 

($/year) 

DiCTT 

60,000 

138,000 

WAO 

136,000 

390,000 

EPO 

250,000 

550,000 

WAO/DiCTT  (%) 

2.3 

2.8 

EPO/DiCTT  (%) 

4.2 

4.0 

CONCLUSION 

The  novel  liquid  wastewater  treatment  presented  in  this  paper,  as  a  new  processing  technology  for  aqueous 
hazardous  waste  streams,  was  designed,  fabricated  and  tested  for  high  concentrations  of  organic  contaminants.  It  is 
shown  that  its  efficiency  is  high  for  destruction  of  phenol  and  other  organic  contaminants.  Moreover,  a  cost 
estimation  demonstrates  that  our  technology  is  more  cost  effective  than  wet  air  oxidation  technology  and  other 
chemical  oxidation  processes. 
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ABSTRACT  This  paper  is  based  on  the  findings  of  a  research  project  entitled  “Compacting  Biomass  and 
Munic^l  solid  Was"  .0  Form  an  Upgraded  Fnel."  sponsored  by  Ure  Federal  Energy  Technology  center 
(FETC)  U.S.  Department  of  Energy.  High-pressure  compaction  of  various  types  of  waste  paper  and  plastics 
found  in  municipal  solid  waste  were  studied.  A  piston-and-mold  (punch-and-die)  process  was  used  an 
compaction  was  performed  without  binder  under  room  temperature  and  at  pressures  ranging  from  69  to  138 
MPa  The  waste  materials  were  compacted  into  49-mm-diameter  logs  both  separately  and  in  mixtures.  The 
effects  of  compaction  pressure,  moisture  content  and  composition  of  the  feedstock  on  the  product  -  logs  were 
studied.  The  density,  abrasion  resistance,  impact  resistance,  and  combustion  characteristics  f 
were  tested.  It  was  found  that  all  the  papers  can  be  compacted  into  good  logs  under  pressure  of  100  MPa.  Pape 
mixture  with  moisture  content  ranging  from  5%  to  20%  can  be  easily  compacted  into  logs  of  good  q^^ahty  under 
pressures  above  70  MPa.  When  the  pressure  is  above  100  MPa  and  the  moisture  content  of  the  waste  pap 
lower  than  10%  logs  with  dry  densities  greater  than  1  g/cm^  can  be  produced.  The  optimum  moistme  content  for 
mrnrabrasLre^sis^^^  and  impact-resistant  logs  is  in  the  neighborhood  of  15%.  f  ^ou^  plas^e 
difficult  to  compact  into  good  logs,  by  mixing  plastics  with  waste  paper,  good  logs  can  be  made.  It  was  fou 
Za  mixture  o?  paper  and  plastic  film  containing  up  to  15%  LDPE  or  HDPE  film  can  be  compacted  into  good 
logs  with  dry  densities  above  0.8g/cm^  and  high  abrasion  and  impact  resistance. 

1.  INTRODUCTION 

Paper  yard  waste,  and  plastics  are  the  three  components  of  municipal  solid  waste  (MSW)  generated  in  the 
Unked  Lates.  Although  the  recovery  rate  of  paper  products  is  the  highest  (41%)  compared  to  all  other  materials 
in  MSW  [1],  the  discarded  waste  paper  still  constitutes  the  largest  component  in  the  waste  stream.  The  recovery 
rate  for  plastics  is  only  5.3%.  Most  of  the  states  have  banned  yard  waste  from  landfilling  and  are  promoting  y^ 
waste  composting  program.  Therefore,  paper  and  plastic  products  are  the  largest 

On  the  other  hand,  paper  and  plastics  have  very  high  heating  values  and  can  be  use  as  alternate  foel  if  ProP^^ly 
processed.  The  utilization  of  waste  paper  and  plastics  as  fuel  can  effectively  lower  emissions  of  CO2,  SO^,  NO 
Ld  metals  compared  to  the  use  of  coal.  Refuse-derived  fuel  (RDF)  is  a  well-known  alternative  fuel  produced 
from  the  combustibles  in  MSW  which  are  composed  of  waste  paper  and  many  other  materials  such  as  plastics, 
textiles  wood,  etc.  Co-firing  RDF  with  coal  in  existing  boilers  is  a  common  practice.  The  boilers  with  traveling 
grate  commonly  used  in  a  spreader  stoker  appears  to  be  most  suitable  for  burning  RDF  [2].  The  dissimilarity 
between  RDF  and  coal  in  both  physical  and  combustion  characteristics  may  cause  problems  in  co-finng. 
difference  in  density  is  often  a  problem,  which  makes  the  energy  density  of  the  two  fuels  different,  and  c^ses 
difficulties  in  feeding  the  fuel  into  the  boiler.  Ordinary  densified  refused-derived  fuel  (d-RDF)  in  the  form  of 
pellets  has  a  relative  high  density  ranging  from  0.4  to  0.7  g/cm^  [3],  but  it  is  much  lower  than  that  of  coal.  H  .h 
density  also  makes  it  more  economical  to  transport,  store,  and  handle  the  fuel.  The  most  common  densification 
process  to  manufacture  d-RDF  is  pelletizing  using  rotary  die  pelletizers  [4].  Since  the  pressure  is  developed  in  a 
similar  manner  as  the  extrusion  process,  high  pressure  is  difficult  to  achieve  [5].  Therefore  the  density  of  the 
product  is  limited  to  about  0.7  g/cml  Another  type  of  densification  equipment  is  baler,  which  is  used  to  Induce 
dense  bales  of  recovered  materials  from  MSW.  The  typical  pressure  of  balers  is  from  0.7  MPa  to  1.4  ^a.  In 
early  1970s,  a  study  of  high-pressure  compaction  and  baling  of  MSW  was  conducted  using  a  three-stroke  press 

[6].  The  highest  pressure  used  was  24  MPa. 

This  study  was  aimed  at  optimizing  the  process  for  producing  high-density  binderless  fuel  from  waste  paper  and 
plastics  using  high-pressure  piston-and-mold  (punch-and-die)  press.  The  physical  properties,  abrasion  resistance. 
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impact  resistance,  and  combustion  properties  of  the  fuel  in  the  form  of  log  were  tested  to  assess  the  process  and 
the  products. 


2.  MATERIALS  AND  METHODS 

The  types  of  paper  products  studied  include  corrugated  board,  newsprint,  office  paper,  commercial  printing 
(magazine,  brochure,  and  advertisement),  and  non-corrugated  box  board,  which  make  up  over  70%  of  all  the 
paper  products  in  ordinary  MSW  [1],  The  initial  moisture  contents  of  the  papers  were  measured  to  be  5.3%, 
7.5%,  4.7%,  3.7%,  and  5.9%,  respectively  for  the  five  types  mentioned  above.  Plastic  products  made  of  five 
types  of  plastic  resins  that  make  up  78%  of  the  total  plastics  found  in  MSW  were  tested.  These  products  include 
low  density  polyethylene  (LDPE)  film,  high  density  polyethylene  (HDPE)  -  both  film  and  hard  products  (milk 
jars,  detergent  bottles,  etc.),  polypropylene  (PP)  hard  products  (mainly  containers),  polystyrene  (PS)  -  both 
foamed  and  hard  products,  and  polyethylene  terephthalate  (PET)  bottles.  The  papers  were  shredded  into  pieces 
(flakes)  of  6  mm  by  25  mm  using  a  heavy-duty  office  paper  shredder.  The  plastics  were  shredded  into  pieces 
with  maximum  size  of  Vi  inch  by  scissors.  The  feedstock  with  desired  moisture  content  was  achieved  by  adding 
calculated  amount  of  water  into  the  shredded  material  in  an  air-tight  bag,  storing  for  at  least  three  days  with 
periodically  turning  of  the  bag  to  insure  a  uniform  distribution  of  the  moisture. 

A  48.5-mm-diameter  cylindrical  mold  (die)  with  length  of  300  mm  was  used  to  make  logs  from  the  waste  papers. 
The  upper  and  lower  pistons  (punches)  are  both  movable  relative  to  the  mold.  A  hydraulic  press  (Baldwin 
Locomotive  Works,  Inc.)  with  maximum  load  of  267  kN  was  used  for  the  compaction.  The  maximum  pressure 
that  the  machine  could  achieve  for  this  mold  was  145  MPa. 

Since  the  compaction  ratios  of  the  materials  were  as  high  as  8  to  10  for  the  feedstock  set  in  a  container  freely,  to 
make  logs  with  sufficient  length,  the  material  had  to  be  pushed  into  the  mold  manually  by  a  plunger.  After  the 
pistons  and  mold  were  well  aligned,  pressure  was  applied  uniformly  at  a  rate  of  approximately  1.7  ±  0.2  MPa  per 
second.  When  the  pressure  reached  the  desired  value,  it  was  either  held  for  a  certain  time  (holding  time)  or 
released  immediately  depending  on  whether  or  not  the  holding  pressure  was  needed.  All  the  tests  were  conducted 
under  room  temperature. 

The  abrasion  resistance  and  impact  resistance  of  the  logs  made  were  tested  by  adapting  the  ASTM  standard 
methods  of  tumbler  test  D  441-86  [7]  and  drop  shatter  test  D440-86  [8]  for  coal.  For  the  tumbler  test,  three  logs 
with  diameter  and  length  of  about  49  mm  and  50  mm  respectively  were  placed  in  a  porcelain  jar  in  each  test.  The 
jar  was  rotated  at  60  rpm  for  40  minutes.  The  total  number  of  revolutions  during  a  test  is  approximately  2400. 
For  drop  test,  the  logs  were  dropped  twice  from  6  feet  (1.83  m)  onto  a  concrete  floor  instead  of  a  steel  plate  as 
recommended  by  the  ASTM  standard.  The  weights  of  the  logs  before  and  after  the  tumbler  test  or  drop  test  were 
measured  and  the  percent  weight  loss  were  calculated  as  an  indicator  of  the  friability  of  the  logs.  All  the  property 
tests  were  conducted  24  hours  after  the  logs  were  made  and  stored  in  air-tight  bags.  Higher  heating  values  of  the 
paper  materials  used  in  this  study  were  tested  using  an  Automatic  Calorimeter  (Model  AC-300  by  LECO 
Corporation),  and  proximate  analysis  was  conducted  using  a  Proximate  Analyzer  (Model  MAC-400  by  LECO 
Corporation). 


3.  RESULTS  AND  DISCUSSION 


Compaction  of  Waste  Paper 

Individual  types  of  papers.  The  effect  of  pressure  on  the  integrity  and  density  of  the  logs  made  from 
individual  types  of  papers  was  tested.  The  moisture  contents  of  the  papers  were  as-received  as  given  in  Section  2 
above.  The  pressure  was  applied  without  any  holding  time.  It  was  found  that  corrugated  board  and  office  paper 
are  relatively  easy  to  be  compacted  into  good  logs.  A  compaction  pressure  of  70  MPa  can  make  good  logs. 
When  the  pressure  was  raised  to  100  MPa,  all  the  papers  can  be  compacted  into  good  logs  with  density  close  to 
or  higher  than  1  g/cm^. 

Effect  of  pressure  holding  time.  A  mixture  of  the  five  types  of  papers  containing  equal  weight  for  each  was 
used  to  examine  the  effect  of  pressure  holding  time  under  various  pressures.  Three  moisture  contents,  5.4%  (as- 
received),  17%,  and  24%  were  used.  Under  the  same  pressure,  the  material  was  compacted  both  without  and 
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with  10-second  pressure  holding  time.  The  dry  densities  measured  2  minutes  after  the  ejection  of  the  logs  were 
used  to  verify  the  differences  since  the  most  rapid  expansion  occurred  within  the  first  2  minutes.  The  results  as 
shown  in  Fig.  1  indicate  that  a  10-second  holding  time  increases  the  density  of  the  logs  made  under  the  same 
pressure.  The  lower  the  pressure,  the  more  significant  the  effect  of  the  holding  time  is.  At  the  highest  pressure 
used  in  this  study  (138  MPa),  holding  time  no  longer  has  any  noticeable  influence  on  log  density.  The  ettect  ot 
holding  time  was  also  related  to  the  moisture  content;  it  has  less  effect  on  the  material  with  lower  moisture 
content  than  those  with  high  moisture  contents  such  as  24%  or  higher. 


Fig.  1.  Effects  of  compaction  pressure  and  holding  time  on  the  dry  densities 
(measured  2  minutes  after  ejection)  of  logs  made  of  paper  mixture. 


Effect  of  moisture  content  and  pressure  on  log  properties.  The  density,  abrasion  resistance,  and  impact 
resistance  of  the  logs  made  of  paper  mixture  compacted  at  various  pressures  and  moisture  contents  are  shown  in 
Fio.  2.  The  logs  expanded  rapidly  within  the  fust  2  minutes.  The  expansion  reached  a  peak  at  about  24  hours 
then  the  logs  started  shrinking  due  to  the  evaporation  of  moisture  in  the  logs.  A  steady  state  was  reached  after  7 
days  and  densities  at  the  steady  state  were  close  to  the  densities  at  2  minutes  after  the  logs  were  ejected  from  the 
mold.  Therefore,  the  densities  measured  2  minutes  after  the  ejection  of  the  logs  were  used  to  indicate  the 
physical  property  of  the  logs.  The  tumbler  and  drop  tests  were  conducted  24  hours  after  the  logs  were  made^  It 
can  be  seen  from  Fig.  2(a)  that  the  higher  the  pressure,  the  higher  the  density  of  the  logs  produced.  Pressure  has 
more  effect  on  the  density  of  the  logs  when  the  mixture  moisture  is  low  When  the  moistur^as  higher  than 
17%  it  became  difficult  to  make  the  density  of  the  logs  near  1  g/cm  even  when  138  l^a  pressure  was 
employed.  Considering  the  results  from  the  tumbler  tests  and  the  drop  tests,  it  can  be  concluded  that  the  optimum 
moisture  content  for  compaction  is  in  the  neighborhood  of  15%.  High  quality  logs  with  high  density  (near 
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mTS  '^1  ^  *'  fP^ure  is  above  69  MPa.  Photos  of  logs  made  of  paper  mixture  at 

138  MPa  with  various  moisture  contents  are  shown  in  Fi^.  3.  ^ 


moisiure  content  (%) 


Fig.  2.  Effecte  of  moisture  content  and  compaction  pressure  on  properties  of  logs  made  of 
mixed  paper,  (a)  Dry  density;  (b)  tumbler  test  results;  (c)  drop  test  results. 


Fig.  3.  Logs  of  mixed  paper  compacted  at  138  MPa  pressure  with  moisture 
of  5.4%  (leftmost),  10%,  14%,  17%,  21%,  and  24%  (rightmost). 


contents 
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rompaction  of  Plastics  Fxceot  for  foamed  PS  which  could 

All  the  plastic  products  mentioned  in  Section  2  were  comp  all  the  other  plastics  could  not  be 

Compaction  of  Mixture  ot  Paptr  containing  equal  amount  of  the  five  types  of  papers 

LDPE  film  “  f“j)PE  fiZ'^lTes  up  71%  of  the  total  plastic  film  products  in  MSW  [9],  Mixtures  of  the 
mentmned  ■"  5,*.^  10%,  15%.  and  20%  of  LDPE  film  by  dry  weight  were  compacted 

mixed  paper  and  LDPfa  tilm  contain  ^  »  f  i  tjo/  rv  th?  same  token  mixtures  of  mixed  paper  and 

under  pressure  of  138  MPa  and  motsture  content  of  *““„“7Th™hi.her  the  film  content,  the 

HDPE  film  were  compacted.  The  '“S*  J  rexbei.  The  dried  densities  of  the  logs  at 

more  expansion  the  logs  ^  ^5  listed  m  Table  1.  Also  listed  in  Table  1  are  the  results  ot  the 

the  logs  was. 

Table  1.  Tested  Properties  of  the  Logs  Made  of  Mixed  Paper  and  LDPE  or  HDPE  Film 
.  _ _ —  ,  _ 4..,  TT.,cin.-  I'll!  iV/TPa  and  15%  Moisture  Content. _ 


with 

Film  type 

Dinerent  Lom 

Film  content 
(%) 

inis  unuei  x^o 

Dry  density 
(g/cm^) 

Weight  loss  after 
tumbler  test  (%) 

Weight  loss  after 
drop  test  (%) 

LDPE 

5 

0.92 

0.1 

0.1 

10 

0.85 

1.1 

0.1 

15 

0.79 

1.6  n 

0.4 

20 

0.71 

3.8 

Broke  into  2  pieces 

HDPE 

- 5 - 

0.94 

0.2 

0.1 

10 

0.89 

1.2 

0.1 

15 

0.81 

1.4 

0.15 

20 

0.77 

1.7 

Broke  into  2  pieces 

Fit.  4  Loss  made  of  mixed  paper  and  film  under  138  MPa  and  15  %  moisture  content. 
The  film  contents  were  5%  (rightmost),  10%,  15%,  and  20%  (le  t^s 
(a)  Mixed  paper  and  LDPE  film;  (b)  mixed  paper  with  HDPE  film. 
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For  the  same  film  content,  logs  with  HDPE  film  had  higher  densities  than  those  with  LDPE  film.  Overall,  good 
quality  logs  could  be  made  as  long  as  the  LDPE  or  HDPE  film  content  was  less  than  15%.  Weight  losses  of  the 
logs  after  the  tumbler  tests  were  all  less  than  2%,  and  less  than  0.4%  after  the  drop  tests.  Photos  of  the  logs  made 
of  mixed  paper  and  LDPE  film  and  mixed  paper  with  HDPE  film  with  various  film  contents  are  shown  in  Fig.  4. 

Combustion  Characteristics  of  the  Logs 

The  higher  heating  values  (HHV)  and  proximate  analysis  results  for  each  type  of  the  papers  and  plastics  were 
determined  and  listed  in  Table  2. 


Table  2.  Combustion  Characteristics  of  the  Tested  Waste  Papers  (Dry  Basis) 


Material 

HHV  (kJ/kg) 

Volatile  matter  (%) 

Fixed  carbon  (%) 

Ash  content  (%) 

Office  paper 

151,00 

79.9 

11.3 

8.8 

Newsprint 

18,900 

80.4 

14.2 

5.4 

Corrugated  board 

17,300 

79.8 

15.4 

4.8 

Commercial  printing 

12,300 

70.2 

7.0 

22.8 

Box  board 

17,700 

79.0 

14.7 

6.3 

Polyethylene  film 

19,730 

98.5 

0.1 

1.2 

Logs  of  mixed  paper 

16,300 

77.9 

12.5 

9.6 

Logs  of  paper  and 

5%  LDPE/HDPE  film 

17,800 

78.9 

11.9 

9.2 

Logs  of  paper  and 

10%  LDPE/HDPE  film 

19,200 

79.9 

11.3 

8.8 

Logs  of  paper  and 

15%  LDPE/HDPE  film 

20,700 

81.0 

10.7 

00 

Logs  of  paper  and 

20%  LDPEHDPE  film 

22,200 

82.0 

10.0 

7.9 

For  the  logs  made  of  paper  mixture,  the  HHV  was  calculated  to  be  15,400  kJ/kg  based  on  the  tested  results  for 
each  type  of  the  papers.  The  volatile  matter,  fixed  carbon,  and  ash  contents  of  the  paper  mix  were  also  calculated 
to  be  77.9%,  12.5%,  and  9.6%,  respectively,  based  on  the  proximate  analysis  results  of  each  paper.  The  heating 
value  of  the  paper  mixture  is  equivalent  to  that  of  the  lignite  fuels  and  the  ash  content  is  equivalent  to  that  of 
most  of  the  bituminous  and  subbituminous  coal  [10].  For  the  logs  with  20%  LDPE/HDPE  film,  the  HHV  is  near 
that  of  subbituminous  coals.  Although  it  has  a  very  high  heating  value,  plastic  film  is  not  an  ideal  fuel  because  it 
has  a  very  low  combustion  efficiency.  The  low  efficiency  is  due  to  the  difficulty  of  obtaining  adequate  oxygen 
mixing  with  the  combustible  gases  given  off  by  plastic  film  that  is  highly  volatile.  Using  a  mixture  of  paper  and 
plastic  film  as  fuel  can  overcome  the  problem  of  low  combustion  efficiency  of  the  plastic  and  make  use  of  its 
high  heating  value.  Therefore,  the  logs  made  of  mixed  paper  and  LDPE/HDPE  film  make  an  acceptable  fuel. 

4.  CONCLUSIONS 

High-quality  waste  paper  logs  with  high  density,  high  abrasion,  and  impact  resistance  have  been  produced  by  the 
piston-and-mold  process  at  room  temperature  without  having  to  use  any  binder.  It  was  found  that  the  waste  paper 
with  moisture  content  ranging  from  5%  to  20%  can  be  easily  compacted  into  logs  of  good  quality  under 
pressures  above  70  MPa.  When  the  pressure  is  higher  than  100  MPa  and  the  moisture  content  of  the  waste  paper 
is  lower  than  10%,  logs  with  dry  densities  greater  than  1  g/cm^  can  be  produced.  As  far  as  the  mechanical 
properties  of  the  logs  are  concerned,  the  optimum  is  achieved  when  the  mixture  moisture  is  in  the  neighborhood 
of  15%. 

Although  plastic  films  can  not  be  compacted  to  form  good  logs  even  by  using  138  MPa  pressure,  mixtures  of 
paper  and  LDPE  or  HDPE  films  containing  up  to  15%  of  the  films  can  be  compacted  into  good  logs  with  dry 
densities  above  0.8g/cm^  and  high  abrasion  and  impact  resistance.  Plastic  film  and  paper  are  relatively  easy  to 
separate  from  MSW  because  they  are  both  lightweight  fractions.  Air  classification  can  be  readily  used  to 
accomplish  this  task.  This  makes  the  findings  in  this  study  practical  in  commercial  applications. 
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5.  FUTURE  WORK 


Compaction  of  mixtures  containing  more  combustible  components  in  MSW  including  hard  plastics,  textiles, 

wood,  etc.  will  be  conducted  in  the  near  future. 
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ABSTRACT.  A  set  of  laboratory  apparatus  with  feature  of  fast  pyrolysis  and  capability  of  continuously 
measuring  and  recording  of  parameters  was  designed  and  constructed.  Powder  of  ground  automotive  tire  was 
pyrolysed  with  the  apparatus  in  a  N2  atmosphere.  The  composition  and  properties  of  derived  gases  were 
determined  in  relation  to  pyrolysis  temperature  from  500-1000°C  and  different  gas  phase  residence  time.  As 
pyrolysis  temperature  and  gas  phase  residence  time  was  increased,  the  mass  percentage  of  solid  char  decreased, 
while  gas  productivity  increased.  The  tires  produced  41%  oil,  24%  gas  and  35  %  char  approximately  and 
calorific  value  of  the  gases  was  about  36000kJ/Nm^  at  800°C.  The  gases  were  identified  as  H2,  CO,  CO2,  CH4, 
C2H4,  C2H6  and  C3H6  in  addition  to  lower  concentrations  of  H2S  and  other  hydrocarbon  gases.  Test  results  of 
tire  pyrolysis  are  compared  with  data  obtained  by  biomass  gasification. 

1.  INTRODUCTION 

It  has  been  estimated  that  about  250  million  used  automotive  tires  are  discarded  annually  in  the  United  States[l] 
and  100  million  in  China.  Also,  15  million  tons  per  year  in  European  Union,  2.5  in  North  America  and  2.4  in 
UK.  [2].  Disposal  of  the  used  tires  has  caused  many  environmental  and  economic  problems,  and  a  great  deal  of 
research  on  recovering  energy  from  scrap  tires  has  been  performed  [3,4].  It  is  well-known  that  scrap  tires 
possess  high  volatile  and  low  ash  contents  with  heating  value  reaching  38MJ/kg,  which  is  greater  than  that  of 
coal  and  biomass.  This  makes  it  an  ideal  material  for  pyrolysis,  combustion  and  gasification.  Among  many 
methods  of  recovering  energy,  scrap  tire  gasification  is  the  only  one  that  has  not  been  applied  successfully.  The 
gaseous  fuel  produced  by  gasification  can  be  stored,  transported  and  easily  fueled  for  existing  boilers  and 
various  combustors  with  little  modification.  It  has  been  proved  a  beneficial  way  in  recovering  energy  from 
biomass  gasification[5].  Main  objectives  of  present  work  are  to  examine  feasibility  of  producing  gas  from  scrap 
tires  by  fast  pyrolysis,  and  to  examine  effect  of  reactor  temperature  and  gas  phase  residence  time  on  deriving  gas 
composition  and  yield.  Test  results  of  tire  pyrolysis  are  compared  with  data  obtained  from  biomass  pyrolysis  at 
the  same  condition. 


2.  EXPERIMENTAL 


2.1  Facilities 

Experimental  apparatus  is  shown  schematically  in  Fig.l.  A  tubular  reactor  was  installed  inside  a  furnace.  Tire 
samples  were  pushed  into  hot  zone  from  cold  terminal  of  the  reactor  once  temperature  of  hot  zone  reached  the 
expected  value,  therefore  heating  rate  was  much  higher  than  typical  Thermogravimetry  (TG);  Different 
residence  time  of  gas  phase  could  be  obtained  when  length  of  hot  zone  changed. 

The  derived  gases  were  sampled  through  a  gas  syringe  and  off-line  analyzed  by  Gas  Chromatography  (GC). 
The  gases  were  identified  as  H2,  CO,  CO2,  N2  and  O2  using  a  molecular  sieve  SA60-80  column  with  argon  as 
carrier  gas  and  a  Thermal  Conductivity  Detector  (TCD).  Gaseous  hydrocarbon  CH4,  C2H4,  C2H6  up  to  C6  were 
determined  on  AI2O3  capillary  column  with  nitrogen  as  carrier  gas  using  a  Flame  Ionization  Detector  (FID). 
After  pyrolysis  the  solid  char  was  removed  and  weighed.  The  quantity  of  total  evolved  liquids  was  obtained  by 
minus  method. 
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1.  N2  supply  2,7.  valve  3.  thermocouple  4.  furnace  5.  sample  boat  6.  reactor 
8.  pressure  transmitter  9.  temperature  transmitter  10.  computer  1 1 .  gas  collecting  system 

Fig.l  Schematic  illustration  of  experimental  apparatus 

2.2  Feedstock  Characteristics 

Tires  contain  vulcanized  rubber  in  addition  to  rubberized  fabric  with  reinforcing  textile  cords,  steel  or  fabric 
belts  and  steel- wire  reinforcing  bead.  A  typical  composition  of  tire  rubber  is  shown  in  Table  1. 


Table  1.  Tires  Compounding  Composition 


Composition 

Rubber 

Carbon 

black 

Extender  oil 

Zinc  oxide 

Stearic  acid 

Sulpher 

Accelerator 

Wt% 

62.1 

31 

1.9 

1.9 

1.2 

1.1 

0.7 

The  elemental  composition,  proximate  analysis  and  calorific  value  of  the  scrap  tires  on  a  metal  core  freebasis 
are  shown  in  Table  2.  Comparison  with  a  typical  biomass,  namely  wood,  shows  lower  volatile  and  moisture 
content,  higher  calorific  value  and  ash  content. 

Table  2.  Composition  of  Feedstock. 


Elemental  composition  (%) 

Proximate  analvsis(%) 

Qb.ad 

Tire 

Wood 

Cad 

76.89 

42.92 

Had 

7.08 

5.76 

Oad 

4.79 

40.24 

Nad  Sad 

0.34  1.67 

1.14  0.91 

Vad 

67.5 

73.7 

FCad  -^ad  Agd 

25.2  2  5.3 

17.3  8.2  0.8 

kJ/kg 

37328.4 

17390.9 

3.  RESULTS  AND  DISCUSSION 
3.1  Temperature  Effect  on  Pyrolysis  Rate 

Tire  pyrolysis  curves  at  700°C  and  900°C  are  shown  in  Fig.2  and  Fig.3.  Pyrolysis  spending  time  from  the 
beginning  of  gas  appearing  to  end  was  counted.  It  was  found  that  heating  rate  was  much  higher  and  time  needed 
to  complete  p'^olysis  was  much  shorter  than  that  of  TG.  Fig.4  shows  that  the  time  decreases  while  temperature 
increases  linearly.  At  500°C,  it  took  54s,  but  at  1000°C,  only  8s  to  complete  the  reaction.  For  the  purpose  of 
comparison,  the  data  of  biomass  pyrolysis  are  figured  out  hereafter  with  broken  lines.  Fig.4  also  indicates  the 
changing  trends  of  wood  and  tire  are  similar,  but  the  pyrolysis  rate  of  wood  is  faster  than  that  of  tires. 
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Fig.2  Tire  pyrolysis  curve  at  700°C  Fig.3  Tire  pyrolysis  curve  at  900'’C 


Fig.  4  Time  of  completing  pyrolysis  vs.  temperature 
3.2  Temperature  Effect  on  Gas  and  Char  Productivity 

Yield  of  char  decreases  slowly  and  yield  of  gas  increases  quickly  as  temperature  is  increased.  As  shown  in  Fig.5 
and  Fig.6,  gas  productivity  is  358ml/g  at  1000°C,  95inl/g  at  500°C,  almost  3.8  times  difference,  the  char 
productivity  has  no  obvious  loss  with  increasing  temperature.  It  indicates  that  reaction  at  higher  temperature 
breaks  down  the  higher  molecular  mass  species  of  pyrolysis,  viz.  tar  into  gaseous  products.  The  trends  of  wood 
pyrolysis  are  similar,  but  the  gas  productivity  is  1.8  times  of  that  of  tire. 


Fig.S  Gas  productivity  vs.  temperature 
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Fig.6  Char  productivity  vs.  temperature 


3.  3  Temperature  Influence  on  Gas  Composition 

Detailed  analysis  of  gas  composition  from  pyrolysis  of  tire  revealed  main  gases  were  hydrogen,  carbon  dioxide, 
carbon  monoxide,  methane,  ethane,  ethylene,  propylene,  in  addition  to  a  few  other  hydrocarbon  gases  etc,  which 
were  composed  of  high  molecular  hydrocarbon  gas  and  H2S.  A  little  of  these  gases  failed  to  be  detected  or 
identified  due  to  limits  of  GC.  C1-C6  hydrocarbon  gases  at  800°C  and  1000°C  are  shown  in  Fig.7  and  Fig.8. 
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Fig.  7  Gas  chromatogram  of  C1-C6  hydrocarbon  gases  at  800°C 
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Fig.8  Gas  chromatogram  of  C1-C6  hydrocarbon  gases  at  1000°C 

It  is  obvious  that  kinds  of  high  molecular  hydrogen  gases  at  800°C  are  more  than  that  of  1000°C.  Fig.9  shows 
the  relationship  between  main  gas  composition  and  temperature.  Percentage  of  H2  increased  and  percentage  of 


Fig.9  Main  gas  composition  vs.  temperature(tire)  Fig.lO  Main  gas  composition  vs.  temperature(ivood) 


CO,  CO2  decreased  correspondingly  while  temperature  was  increased  from  500  to  1000°C.  The  percentage  of 
CH4,  C2H4  CjHe  and  C3H6  increased  while  reactor  temperature  increasing  up  to  their  critical  band  of  about 
900°C,  800°C,  700°C  and  700°C  respectively,  and  then  decreased  slowly.  Fig.lO  shows  the  relationship 
between  main  gas  composition  and  temperature  of  wood  pyrolysis.  It  is  found  that  there  are  similar  trends  in 
gas  composition  changing,  but  comparison  with  tire  shows  higher  CO,  CO2  and  lower  F[2  and  some  hydrocarbon 
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gases. 


3.4  Pyrolysis  Product  Profile 

Table  3  shows  the  pyrolysis  products  profile  at  800°C.  Compared  with  wood,  the  generated  gases  from  tire 
pyrolysis  have  a  higher  calorific  value,  higher  productivity  of  char  and  tar,  and  lower  gas  productivity.  The 
calorific  value  of  gases  is  dependent  on  gas  composition.  Too  high  temperature  may  induce  decreasing  of  the 
calorific  value  because  of  higher  molecule  hydrocarbon  gases  being  cracked.  From  present  work,  we  find  the 
critical  band  of  calorific  value  is  between  700  to  800°C. 

Table  3  Yield  of  Pyrolysis  Product  (800°C ) 


Tires 

Wood 

Gas  producivity  ml/g 

262 

513 

Gas  productivity  g/g 

0.24 

0.54 

Gas  heating  value  kJ/Nm^ 

36000 

17123 

Char  productivity  g/g 

0.35 

0.13 

Liquid  productivity  g/g 

0.41 

0.32 

3.5  Effect  of  Residence  Time  of  Gas  Phase  on  Secondary  Reaction 

Residence  time  of  gas  phase  at  higher  temperature  strongly  influences  products  profile.  Longer  residence  time 
causes  more  tar  to  crack  and  more  permanent  gas  to  be  produced.  Thus,  the  influence  of  residence  time  on 
secondary  reaction  can  be  expressed  by  the  increment  of  gas  productivity.  Primary  vapours  are  first  produced  in 
pyrolysis  process,  the  characteristics  of  which  are  mostly  influenced  by  temperature  and  heating  rate.  These 
primary  vapours  then  degrade  secondary  tar  and  gases.  The  proportion  and  characteristics  of  which  are  a 
function  of  temperature  and  time.  Fig.  11  shows  the  relationship  between  gas  productivity  and  temperature  at 
different  residence  time.  Fig.  12  shows  main  gas  composition  of  different  residence  time  at  800°C.  Therefore, 
to  maximize  gas  yield,  the  primary  products  should  be  remained  in  hot  zone  to  continue  secondary  reactions. 
However,  too  much  residence  time  also  causes  gas  calorific  value  to  decrease. 
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Fig.ll  Gas  productivity  vs.  Temperature 
at  different  residence  time 


Figl2.  Gas  composition  vs.  residence  time  (800°C  ) 


4.  CONCLUSION 

1.  The  gas  productivity  increases  if  temperature  is  increased  and/or  gas  phase  residence  time  is  lengthened 
at  temperature  700-900°C.  The  gases  have  a  significant  calorific  value,  which  is  dependent  on  gas 
composition.  Too  high  temperature  and/or  too  much  residence  time  may  make  it  to  decrease. 

2.  The  tires  can  be  produced  41%  oil,  24%  gas  and  35%  char  approximately  at  800°C.  The  calorific  value  of 
gases  is  about  36MJ/Nm^  at  800°C. 

3.  The  gases  were  identified  as  Hz,  CO,  CO2,  CH4,  C2H4,  CzHgand  C3H6,  in  addition  to  smaller 
concentrations  of  HzS  and  other  hydrocarbon  gases. 
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ABSTRACT.  There  have  been  a  great  deal  of  interest  to  dispose  sludge  through  the  combustion  technology. 
The  water  content  of  sludge  has  a  critical  effect  on  its  combustion  and  it  is  important  to  study  the  combustion 
mechanism  of  dewatered  sludge.  In  addition,  pyrolysis  is  regarded  as  the  initial  step  of  the  whole  combustion  of 
solid  fuels  such  as  coal,  sludge,  RDF  (Refuse  Derived  Fuel)  and  et.  al.  So  it  is  necessary  to  investigate  pyrolysis 
behavior  of  sludge  in  order  to  deeply  investigate  its  combustion  behavior.  This  paper  presents  the  pyrolysis  and 
combustion  behaviors  of  sewage  sludge  and  paper-making  sludge.  Tests  were  carried  out  using  WCT-2  thermal 
balance  which  can  perform  ejqjeriments  such  as  TG,  DTG  and  DTA  at  the  same  time.  The  primary  constituents 
and  heating  value  of  aforementioned  sludges  were  also  analyzed.  Based  on  the  TG  data  of  sludge,  kinetics 
parameters  of  combustion  of  sludge  were  obtained.  The  results  indicate  that  the  different  sludge  has  distmctive 
kinetic  parameters. 


1.  INTRODUCTION 

The  disposal  of  sludge  from  waste  water  treatment  continues  to  be  a  major  concern  because  of  the  very  large 
amounts  generated  and  the  associated  hazard  with  wastes.  The  reduction  in  landfiU  sites  and  the  second 
pollutions  to  soil  and  underground  water  have  limited  the  utilization  of  the  conventional  treatment  methods  such 
as  landfill,  compost  and  dispose  to  the  marine  [1].  Studies  on  combustion  characteristics  and  NOx  emission  of 
different  sludge  indicate  that  combustion  offers  an  enviromnentally  attractive  method  to  dispose  lots  of  sludge 
[2,  3].  However,  the  high  moisture  of  sludge  not  only  makes  its  spontaneous  combustion  difficult  but  also 
largely  increases  its  treatment  cost.  According  to  high  heat  value  and  moisture  of  sludge,  Chen  et.  al.  [4]  put 
forward  the  co-briquette  of  coal  with  sludge  to  obtain  solid  fuel  and  dispose  sludge.  The  advantages  of  this 
process  are:  1)  to  use  sludge  as  cohesive  material;  2)  to  use  the  energy  in  sludge  efficiently;  3)  not  to  add  water 
into  feedstock  during  the  preparation  of  co-briquette  due  to  the  hi^  moisture  content  of  sludge.  In  order  to 
study  the  combustion  characteristics  of  briquette,  it  is  also  important  to  study  the  combustion  mechanism  of 
dewatered  sludge.  In  addition,  pyrolysis  is  regarded  as  the  initial  step  of  the  whole  combustion  of  solid  fuels 
such  as  coal,  sludge,  RDF  (Refuse  Derived  Fuel)  and  et  al.  So  it  is  necessary  to  investigate  pyrolysis  behavior 
of  sludge  in  order  to  deeply  rmderstand  its  combustion  behavior. 

This  paper  presents  the  pyrolysis  and  combustion  behaviors  of  wastewater  sludge  and  paper-making  sludge. 
Tests  were  carried  out  using  WCT-2  thermal  balance  which  can  perform  experiments  such  as  TG,  DTG  and 
DTA  at  the  same  time.  The  primary  constituents  and  heat  value  of  aforementioned  sludges  were  also  analyzed. 
Based  on  the  TG  data  of  sludge,  kinetics  parameters  of  combustion  of  sludge  were  obtained. 

2.  EXPERIMENT 

2.1  Samples 

Sewage  sludge  was  collected  from  Da-tan-sha  Sewage-treating  Factory,  and  paper-making  sludge  was  offered 
by  Guangzhou  Paper  Co.  The  proximate  and  ultimate  analysis  of  these  sludges  are  summarized  in  Table  1. 
Except  for  their  high  moisture,  other  properties  are  obtained  from  the  dry-based  samples.  Each  sludge  was 
separately  dried  and  ground  to  a  mean  diameter  of  less  than  0.125  mm  for  TG  of  pyrolysis  and  combustion. 
Since  the  heat  values  of  them  equal  approximately  to  that  of  low  rank  coals,  lots  of  sludge  is  regarded  as  the 
potential  energy. 
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Table  1.  Analysis  of  Samples 


Sample 

Proximate  Analysis/  w% 

Ultimate  Analysis/  w%  ar 

Heat  Value/ 
kJ/kg 

M 

Aar 

Var 

C 

H 

N 

S 

0 

Sftwape  Sludge 

83.60 

43.29 

47.18 

29.54 

5.09 

5.06 

1.56 

25.59 

13878.9 

Paper-making  Sludge 

77.86 

23.49 

56.02 

32.25 

4.67 

0.57 

0.88 

31.85 

13810.4 

2  2  *y -DTG-DXA.  ^ 

liie  TG-DTA  system  (WCT-2,  Beijing)  was  used  to  investigate  the  pyrolysis  and  combustion  behaviors  of 

sewage  sludge  and  paper-making  sludge.  The  pyrolysis  and  combustion  were  carried  out  mder  an  ataosphere 
SgCL  ail  rL^ectivdy.  fhe  gi  flow  rate  was  30  cmW  m  sar^te  of  abo«  we  ‘oaM  o„ 
the  sample  holder  and  were  heated  from  room  temperature  to  1273.5K  at  the  heatmg  rate  of  20K/mm.  Pr 
of  TG,  DTG  and  DTA  of  each  sample  were  recorded  together. 

3.  RESULTS  AND  DISCUSSIONS 


3.1  TG/DTG/DTA  Results  via  i 

Comparisons  of  the  TG  and  DTA  curves  for  sewage  sludge  and  paper-makmg  sludge  are  sho^m  Fig.  L 
SSrcSTctenstics  of  the  two  kinds  of  sludge  aie  sunnnanzed  in  Table  2.  Comptons  DTG  t^s  o 
pyrolysis  and  combustion  for  them  are  shown  in  Fig.  2.  The  results  reveal  some  distmgmshmg  characteristics  of 

the  two  sludges: 

ft)  As  can  be  seen  from  Fig.  lA,  the  TG  curves  of  the  sewage  sludge  contain  an  initi^  weight  loss  due  to  Ae 
moisture  released  up  to  about  500K.  After  that,  it  is  found  that  the  TG  behavior  of  combustion  is 
.tmilfir  to  that  of  pyrolysis  during  the  second  weight  loss  between  400  and  730K,  which  ^  ^ 

second  weight  loss  is  mainly  due  to  the  devolatilization  and  the  gas-phase  combustion  of  volatiles.  And  then 
the  last  weight  loss  between  730  and  825K  is  due  to  the  solid-phase  combustion  of  carbon  residues. 

fti)  As  can  be  seen  from  Fig.  IB,  the  TG  curves  of  the  paper-making  sludge  also  con^  an  mtial  weight  loss 
due  to  the  moisture  released  up  to  about  500K.But  the  combustion  TG  has  a  shift  from  the  pyro  ysis  one 
during  the  second  weight  loss  between  500  and  670K.  The  reason  may  be  due  to  the  p^ 
combustion  besides  the  gas-phase  combustion  of  volatiles.  Finally  the  weight  loss  between  670  and  770K 
due  to  the  solid-phase  combustion  of  carbon  residues. 
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Fig.  1.  TG  and  DTA  curves  of  different  sludges 

(iii)  Comparisons  of  combustion  parameters  for  the  two  sludges  (Table  2)  inchcate  that  con^^ori 
^  beha^ors  are  different.  DTG  curves  of  their  combustion  (Fig.  2)  also  show  the  difference^  DTG  curw 
paper-making  sludge  contains  one  sharp  peak  with  a  should,  which  can  be  atobuted  to  “mp 
components  mainly  consisting  of  cellulose.  But  that  of  sewage  sludge  contams  two  blunt  peaks,  which  can 
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be  due  to  its  complex  components  consisting  of  protein,  grease,  cellulose  and  so  on. 

(iv)  Sewage  sludge  has  a  larger  temperature  range  of  combustion  than  paper-making  sludge  does. 


Table  2.  Parameters  of  Sludge  Combustion 


Ignition  Temp. 
/K 


500.5 


510.5 


/  \ 


Paper-making  sludge 


— Sewage  sludge 


400  600  800  1000 


■  Paper-making  sludge 


J  ^  Sewage  sludge 

'i 

0.10 


400  600  800  1000  1200 


Temp,  (k) 

A-  Pyrolysis 


Temp.  (K) 

B.  Combustion 


Fig.  2.  DTG  curves  of  different  sludges 


3.2  Determination  of  Kinetic  Parameters 
The  rate  expression  for  the  solid  fuel  combustion  is 


—  =  K(l-a)’' 
dt  ^ 


where  a  is  conversion  of  combustion,  K  is  the  reaction  rate  constant,  n  is  the  reaction  order. 
The  the  reaction  rate  constant  follows  the  Arrhenius  expression: 

K  =  Ae-^'''^ 

where  E  represents  the  apparent  activation  energy,  and  A  is  pre-exponential  factor. 

The  heating  rate  is: 

^  dT 

o  =  — 

dt 

Inserting  the  reaction  rate  constant  (K)  and  the  heating  rate  (cj))  into  Equation  1,  we  obtain 


Ae.E/RT(l_^)n 

dT  (f) 
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In  the  determination  of  the  kinetic  parameters  by  use  of  the  above  equations,  various  ar^ysis  methods  [5-7] 
have  been  suggested.  In  the  present  study,  the  non-isothermal  analysis  method  proposed  by  Ito  et.  al.  [7]  was 
used.  Taking  the  natural  logarithm  of  Equation  4,  we  obtain 


4)-^  E 

ln(,:^)  =  lnA- 


(l-ot)" 


RT 


(5) 


The  values  of  da/dT  and  a  can  be  calculated  from  the  TG  curves.  To  determine  the  kinetic  param^ers  m  eq  5 
the  solid  fuel  combustion  is  generally  analyzed  as  a  first  order  reaction.  Assuming  n  equals  1,  the  cal^ated 
results  of  the  left-hand  term  in  eq  5  are  plotted  against  the  reciprocal  of  corresponding  temperature.  It  shows  a 
straight  line  in  ln((l-a)  “(da/dT)(}))  vs.  1/T,  and  then  the  activation  energy  E  and  pre-exponential  factor  A  are 
obtained  from  the  intercept  and  the  slope  of  the  straight  line. 

Fig  3  shows  that  the  combustion  processes  of  paper-making  sludge  and  sewage  sludge  respectivety  cont^  two 
and  three  independent  first-order  reactions,  whose  kinetic  parameters  are  very  different  (Table  3).  The  activation 
energy  (Ei)  of  each  first-order  reaction  mainly  depends  on  the  reaction  temperature  and  reactants.  In  order  to 
understand  the  contribution  of  Ei  to  the  general  reaction.  Coming  et.  al.  put  forward  the  conception  of  average 
activation  energy  (Em): 


Em=FlEl+F2E2+ - ^•FnEn 

where  FI — Fn  represents  the  range  of  conversion  for  every  independent  first-order  reaction.  The  calculated 
values  of  Em  are  also  listed  in  Table  3. 

Table  3.  Kinetic  Parameters  of  Sludge  Combustion 


Sample 

Range  of 
temp./  K 

Activation 

energy/ 

kJ(mol)'' 

Pre- 

exponention 

factor/ 

Correlation 

coefficient 

Interval  of 
conversion/ 
% 

Range  of 
conversion 
/% 

Apparent 
activation  energy/ 
KJfmol)'^ 

Sewage 

539.5-628.5 

35.26 

42.93 

0.926 

5.02-19.04 

14.02 

sludge 

628.5-732.5 

8.3 

0.05 

0.978 

19.04-30.41 

11.37 

9.79 

732.5-825.5 

22.85 

1.51 

0.969 

30.41-47.50 

17.09 

Paper-making 

536.5-628.5 

46.85 

840.09 

0.951 

6.96-34.30 

27.37 

15.43 

sludge 

628.5-737.5 

12.06 

0.32 

0.961 

34.30-55.91 

21.61 

Fig.  3.  lnK~l/T  spectra  of  sludge  combustion 
4.  CONCLUSIONS 

1  The  TG  behavior  of  combustion  for  sewage  sludge  is  basically  similar  to  that  of  pyrolysis  during  th^e 
second  weight  loss  between  400  and  730K,  which  indicates  that  the  second  weight  loss  is  mainly  due  to  the 
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devolatilization  and  the  gas-phase  combustion  of  volatiles.  But  the  combustion  TG  for  paper-making 
sludge  has  a  shift  from  the  pyrolysis  one  during  the  second  weight  loss  between  500  and  670K.  The  reason 
may  be  due  to  the  partial  solid-phase  combustion  besides  the  gas-phase  combustion  of  volatiles. 

2.  Sewage  sludge  has  a  larger  temperature  range  of  combustion  than  paper-making  sludge  does. 

3.  The  combustion  processes  of  paper-making  sludge  and  sewage  sludge  respectively  contain  two  and  three 
independent  first-order  reactions,  whose  kinetic  parameters  are  very  different 
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ABSTRACT.  An  improvement  of  energy  conversion  efficiency  is  important  for  energy  saving  and  for  solving 
the  global  environmental  problems.  The  two-fluid  cycle  is  dealt  with  for  municipal  solid  waste(MSW)-bumt 
electric  power  generation,  using  6  kinds  of  fluid  such  as  NH3,  C5H12,  C^Hfi,  and  H^O  as  the  working  fluid  at  the 
bottoming  cycle  against  water  on  the  topping  cycle.  The  performance  characteristics  of  the  two-fluid  cycle  ^e 
calculated  and  the  optimum  cycle  conditions,  which  maximize  the  plant’s  thermal  efficiency,  are  determned  for 
the  respective  working  fluid.  As  a  result,  it  is  shown  that  the  plant’s  thermal  efficiency  was  increased  from  17.6 
%  to  21.3  %  for  the  single  Rankine  cycle  by  the  adoption  of  the  two-fluid  cycle,  using  CeHe  as  the  worbng  fluid 
under  a  constant  condition  of  the  topping  steam  temperature  of  295  C. 


NOMENCLATURE 
L  :  power  [kW] 

m  :  mass  flowrate  [kg/s] 

P  :  pressure  [MPa] 

A  T  :  terminal  temperature  difference  of  heat 
exchanger  [°C] 

Q  :  heat  quantity  [kW] 

q  :  heat  drop(=Q/m)  [kJ/kg] 

T  :  temperature  [°C] 

X  :  quality  [-] 

q  :  efficiency  [%] 


Subscripts 

0  :  conventional  ,  l,top  :  topping 

2,  bot  :  bottoming  ,  B  :  boiler 

E  :  exhaust  or  heat  exchanger  , 

G  :  generator  ,  M  :  mechanical 

n  :  net  ,  p  :  plant  or  pump 

s  :  saturated  ,  super  :  superheated 

T  turbine 


1.  INTRODUCTION 

In  Japan,  more  than  90  %  of  the  primary  energy  resources  are  imported,  and  more  than  60  %  of  the  energy 
converted  is  not  utilized  and  abandoned  into  the  atmosphere  and  the  sea.  Further  improvement  of  energy 
conversion  performance  and  useful  utilization  of  the  energy  which  has  been  abandoned  unused  so  far  are  not 
only  a  matter  of  economy  of  the  primary  energy  resources  but  also  are  of  great  help  for  the  solution  of  ime  global 
environmental  problems.  In  this  paper,  the  performance  characteristics  of  the  municipal  solid  waste(MSW)-b^t 
power  generation  plant  are  investigated  to  further  increase  its  thermal  efficiency  for  adoption  of  the  two-fluid 
cycle.  In  Japan,  50  million  tons  per  year  (137  thousand  tons  per  day)  of  municipal  solid  wastes  is  discarded  and 
more  than  70  %  of  them  is  burnt.  There  are  about  160  MSW-bumt  power  generation  plants  in  Japan,  where 
about  70,000  tons  of  municipal  solid  wastes  is  burnt,  generating  a  total  electric  power  of  560,000  kW  as  at  the 
end  of  1995  In  the  year  2010,  the  number  of  its  facilities  will  be  increased  to  about  400  and  the  total  electncal 
power  generated  is  expected  to  attain  4  million  kW.  However,  the  thermal  efficiency  of  the  MSW-bumt  power 
plants  was  5  to  15  %.  For  this  reason,  the  system  called  "the  super  mbbish-bumt  power  generation  system  , 
which  is  combined  with  the  gas  turbine  and/or  further  bums  ordinary  fuel  after  the  MSW-bumt  boiler,  has  been 
proposed  so  far  and  has  already  been  realized  in  part.  Here,  an  improvement  of  the  thermal  efficiency  is  made  by 
using  the  two-fluid  cycle  for  the  MSW-bumt  power  generation  plant,  which  the  bottoming  cycle  is  added  to  the 
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conventional  cycle.  Various  working  fluids  such  as  NH3,  C5H12,  and  CgHfi  are  selected  as  those  of  the  bottoming 
cycle,  while  the  topping  cycle  uses  water  as  the  working  fluid.  The  two-fluid  cycle  has  been  studied  up  to  date 
[l]-[4]  for  i)  large-capacity  thermal  power  generation  plants  using  organic  fluids  as  the  working  fluids  of  the 
bottoming  cycle  in  order  to  make  the  lower-pressure  stage  of  the  turbine  compact,  and/or  ii)  mercury  or 
potassium-water  two-fluid  cycle.  Also,  for  an  effective  utilization  of  geothermal  heat  and  the  heat  exhausted 
from  factories  and  so  on  at  the  middle-and  low-temperature  level,  a  number  of  investigatios  have  been  made  for 
the  binary  cycle  using  a  low-boiling  medium  as  the  working  fluid.  However,  its  performance  characteristics  are 
different  from  those  of  the  two-fluid  cycle  consisting  of  both  the  topping  and  the  bottoming  cycle.  There  are  few 
reports  on  the  investigation  of  the  two-fluid  cycle  consisting  of  two  Rankine  cycles  as  the  objective  of  the  MSW- 
bumt  power  generation  plant.  In  this  paper,  under  a  constant  condition  of  the  maximum  steam  temperature  of 
295  °C,  which  is  the  same  as  that  of  the  conventional  MSW-bumt  plant  in  Japan,  the  performance  characteristics 
of  the  two-fluid  cycle  are  investigated  using  6  kinds  of  fluids  such  as  NH3,  C5H12,  CeH^,  and  H2O  on  the 
bottoming  cycle.  Lastly,  an  optimum  heat  balance  for  the  maximum  steam  temperature  of  Ti=395  “C  will  be.  The 
case  of  using  the  mixture  medium  such  as  water-NHa  as  the  working  fluid  of  the  bottoming  cycle  will  be 
presented  in  another  paper. 


Pl,Ti  300  kg/h 


Fig.l  Flowsheet  of  conventional  MSW-burnt 
Power  plant 


Fig.2.Thernial  efficiency  of  conventional 
MSW-  burnt  plant 


2.  CYCLE  CONFIGURATION 


2.1  Conventional  Cycle 

A  general  flowsheet  of  the  conventional  MSW-bumt  power  generation  plant  is  shown  in  Fig.  1.  The  input 
quantity  of  the  MSW  of  300  frday,  whose  total  heat  quantity  Qbo  is  34,896  kW  by  assuming  the  lower  calorific 
value  to  be  10,050  kJ/kg,  is  selected  as  the  object  of  the  calculation.  The  respective  efficiencies  of  the 
components  such  as  the  MSW-bumt  boiler  and  the  turbines  are  constant,  for  example  t1bo=0.87,  t1j=0.76, 
being  independent  of  the  plant  condition,  as  shown  in  the  figure.  In  this  system,  10  %  of  the  total  heat  quantity 
Qbo  is  used  for  domestic  steam  such  as  for  the  prevention  of  the  white  smoke  exhausted  from  the  chimney  and 
the  steam  for  the  air-preheater  from  the  main  steam  line.  The  450  kg/h  hot  water  of  the  blow-down  and  the  100 
kg/h  steam  are  both  abandoned  unused  respectively  from  the  MSW-bumt  boiler  and  the  deaerator.  Furthermore, 
the  300  kg/h  ejector  steam  is  used  for  gas  removal  in  the  condenser.  The  pressure  loss  and  the  heat  loss  are 
considered  to  be  constant  at  100  kPa  and  5  “C  only  for  the  main  steam  line  from  the  boiler  exit  to  the  turbine 
inlet.  All  the  pump  work  is  calculated  as  1.15  times  the  rated  pressure  at  the  exit  of  the  pump.  The  plant’s 
thermal  efficiency  T|po  is  shown  against  the  main  steam  temperature  Tj  in  Fig.  2  as  a  parameter  of  the  main 
steam  pressure  Pi  under  constant  conditions  of  a  condensation  temperature  of  55  “C  and  a  boiler  feedwater 
temperature  of  143  °C.  The  dot-dash-line  in  the  figure  denotes  the  constant  steam  quality  X]  at  the  exit  of  the 
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turbine.  The  steam  condition  of  the  conventional  MSW-bumt  power  generation  plant  in  Japan  is  generally  a 
main  steam  temperature  Ti  of  295  “C  and  a  boiler  inlet  feedwater  temperature  of  143  °C,  considering  the  higher- 
and  lower-temperature  corrosion  due  to  the  chloride  in  the  flue  gas.  Assuming  that  the  main  steam  pressure  is  3 
MPa  owing  to  the  limit  of  the  steam  quality  of  xi  =  0.88  at  the  turbine  exit  and  that  the  turbine  back-pressure  of 
Pie  is  15.74  kPa  corresponding  to  the  saturation  pressure  of  55  ®C  in  the  air-cooled  type  condenser,  the  plant’s 
thermal  efficiency  iipo  is  17.6  %  as  shown  by  the  symbol  A  in  Fig.  2.  The  specific  power  output  of  the  turbine  is 
571.6  kW*s  /kg,  and  the  power  output  is  6,220  kW  for  the  MSW  of  300  t/day.  Here,  the  main  steam  pressure 
may  be  increased,  leading  to  an  improvement  of  the  plant’s  thermal  efficiency,  by  applying  the  two-fluid  cycle 
instead  of  the  single-fluid  Rankine  cycle. 

2.2  Two-Fluid  Cycle 

The  flowsheet  of  the  two-fluid  cycle  is  shown  in  Fig.  3,  which  adds  a  Rankine  cycle  using  a  different  fluid  as  the 
working  fluid  at  the  bottoming  side  of  the  conventional  Rankine  cycle  (Fig.  1)  using  water  as  the  working  fluid. 
Here,  the  main  steam  temperature  Ti  and  the  dryness  quality  Xi  at  the  turbine  exit  are  constant  at  295  C  and 
0.88,  respectively,  for  the  topping  side.  In  the  heat  exchanger  between  the  topping  and  the  bottoming  cycle,  the 
fluid  exhausted  from  the  heat  exchanger  at  the  topping  side  is  assumed  to  be  saturated  water  of  x=0.  On  the  other 
hand,  the  outlet  fluid  at  the  bottoming  side  is  assumed  to  be  saturated  vapor  of  x=l.  Its  temperature  T2  is 
determined  by  fixing  the  temperature  difference  ATi  (between  10  and  40  °C)  from  the  exhausted  temperature  Tie 
of  the  topping  turbine.  Accordingly,  its  pressure  P2  denotes  saturation  related  to  T2.  The  condensation 
temperature  at  the  bottoming  side  is  assumed  to  be  55  ”C  owing  to  the  adoption  of  the  air-cooled  type  condenser. 
The  respective  component  efficiencies  are  the  same  as  the  case  of  Fig.  1  as  shown  in  Fig.  3.  Further,  the  domestic 
steam  and  the  discarded  steam  from  the  boiler  and  the  deaerator  are  considered  in  a  way  similar  to  the 
conventional  cycle  of  Fig.  1. 


Fig.3  Flowsheet  of  two-fluid  cycle  power  plant 


3.  WORKING  FLUID 

Water  is  used  as  the  topping  working  fluid.  On  the  other  hand,  six  kinds  of  fluid,  [ammonia  (NH3),  propylens 
(CsHfi),  isobutane  (C4H10),  pentane  (C5H12),  benzene  (CfiHg),  and  waterCHzO)]  were  selected  as  the  bottoming 
working  fluid.  The  T-s  diagram  of  the  respective  working  fluids  and  the  Ps  -  Ts  curves  are  shown  in  Figs.  4  (a) 
and  (b^respectively.  Here,  the  T-s  diagram  of  the  respective  fluids  is  shown  by  normalizing  as  s=0  for  T=0.  The 
saturation  pressure  related  to  the  same  temperature  is  greater  for  NH3  and  C3H6,  and  lower  for  CaHg  and  H2O. 

4.  CALCULATION  RESULTS 

The  calculation  of  the  performance  characteristics  of  the  two-fluid  cycle  is  made  based  on  the  analysis  of  Section 
3.  The  calculation  results  are  shown  below.  The  thermophysical  properties  of  the  working  fluids  are  those  given 
in  the  ASME  table  for  water  and  are  based  on  Peng  Robinson  [7]  for  the  other  fluids. 
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4.1  Toppin£  and  Bottoming  Main  Pressures  Pi  and  P? 

The  steam  temperature  exhausted  from  the  topping  turbine  Tie  and  the  main  vapor  pressure  at  the  bottoming 
side  P2  are  shown  against  the  topping  steam  pressure  Pi  in  Fig.  5  for  a  topping  steam  temperature  Ti  of  295  “C  ( 
the  saturation  pressure  Ps  =  8.0  MPa).  The  pressure  P2  denotes  the  saturation  pressure  corresponding  to  the 
temperature  (Tie-ATi).  In  the  figure,  respective  symbols  denote  the  calculation  results.  The  empty  symbols  are 
for  ATi=  10  °C  and  the  full  symbols  are  for  AT]  =  40  °C  for  five  kinds  of  the  working  fluid  excluding  water  and 
the  symbol  x  indicates  the  critical  point.  With  an  increase  of  Pi,  the  temperature  at  the  topping  turbine  exit  Tie 
increases,  leading  to  an  increase  of  T2,  whose  saturation  pressure  P2  also  increases.  The  bottoming  pressure  P2 
for  NH3  is  the  greatest  (  3  to  11  MPa )  of  all  the  working  fluids  selected,  compared  with  the  pressure  below  1.7 
MPa  for  C6H6  in  the  range  of  Pi=  4  to  8  MPa. 

4.2  Plant’s  Thermal  Efficiency 

The  plant’s  thermal  efficiency  Tipj  is  shown  against  the  topping  steam  pressure  Pi  in  Fig.6  for  the  respective 

working  fluids  under  a  constant  condition  of  ATi=  10  ®C.  Here,  the  bottoming  vapor  pressure  P2  is  obtained  from 
the  preceding  figure  (Fig.  5).  The  numerical  values  in  the  figure  denote  the  exit  temperature  T2E  of  the  bottoming 
turbine  or  the  dryness  quality  X2  ,  depending  on  whether  the  exit  vapor  of  the  bottoming  turbine  is  in  the  region 
of  superheat  or  wetness.  The  full  symbols  ("^  ,♦)  in  the  figure  correspond  to  the  case  where  the  feed-liquid  at  the 
bottoming  side  is  preheated  by  the  superheated  vapor  which  is  exhausted  from  the  bottoming  turbine  and  is 
cooled  to  60  “C.  Also,  the  symbol  ©  denotes  the  value  (r|po=17.6  %)  of  the  conventional  plant’s  thermal 
efficiency  shown  in  the  preceding  section  2.1.  It  is  clarified  that  the  curves  have  concave  shapes  and  that  the 
optimum  pressure  Pi,  which  maximizes  the  plant’s  thermal  efficiency  rjpj,  exists,  except  for  H2O  and  the 
preheating  of  CeH^.  For  H2O  and  the  preheating  of  CeH^  shown  by  the  symbols  +  and  ♦ ,  the  plant’s  thermal 
efficiency  ripi  increases  with  an  increase  of  Pi  up  to  the  saturation  pressure  8  MPa  corresponding  to  295  ®C.  It  is 
shown  from  this  figure  that  ripi  of  H2O  is  the  greatest  of  the  six  working  fluids  selected  and  attains  to  about  20 
%  at  Pi=7-8  MPa(P2=0.7-1.5  MPa),  while  qpi  of  CsHg  takes  19.7  %  at  Pi=8  MPa(P2=1.5  MPa)  in  the  case  of 
preheating  the  feed-liquid  at  the  bottoming  side. 


Fig.4  Working  fluids 
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Ti=10°C,  40°C 


20 


0.87_ 


P2  (ME^) 


Fig.7  The  effect  of  P2  on  tipi 


Pi  (ME^ 

Fig.8  Plant  thermal’s  efficiency  of  each 
cycle 


Next,  ±e  effect  of  the  bottoming  vapor  pressure  P2  below  the  saturation  pressure  Ps  corresponding  to  T2  on  Tipj 
is  shown  in  Fig.  7  for  ATi=10°C.  In  this  case,  the  turbine  inlet  vapor  is  in  the  superheated  state  for  the  same  T2. 
The  full  symbols  in  the  figure  denotes  the  case  of  the  vapor  quality  x=0.9  at  the  bottoming  turbine  inlet  for  the 
saturation  pressure  Pg  related  to  T2,  which  is  shown  by  (Ps=)  in  the  figure.  It  is  shown  that  Tipi  decreases  with  P2 
and  that  qpi  in  the  saturation  state  of  x=l  at  the  bottoming  turbine  inlet  is  greater  than  that  below  the  saturation 
pressure  Pg.  The  individual  thermal  efficiencies,  rjjop  'Hbot  >  which  constitute  rjpi ,  are  shown  in  Fig.  8, 
where  the  relationship  among  them  is  expressed  as  T|pi  =  TiTOP  +  'nBOT*QE/QBi.  where  Qe  is  the  heat  quantity 
exchanged  in  the  heat  exchanger  between  the  topping  and  bottoming  sides.  As  Pi  increases,  TixOP  decreases  but 
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TIbot  increases.  The  degree  of  their  contribution  to  Tlpj  depends  on  the  heat  quantity  ratio  Qe/Qbi>  which  is 
shown  on  the  right  vertical  axis  in  Fig.  8.  It  increases  with  Pj. 


Pj  (MPa) 

Fig.lO  Effect  of  terminal  temperature  difference 
(ATi) 


4.3  Flowrate  and  Power  Output 

The  flowrate  at  the  inlet  of  the  topping  turbine  (mi)  and  the  ratio  of  the  bottoming  flowrate  m2  to  mi  (m2/mi)  for 
ATi  =  10  °C  is  shown  in  Fig.  9.  The  value  mi  corresponds  to  the  case  for  the  input  quantity  of  the  M.S.W  of  300 
t/day.  The  flowrate  ratio  m2/mi  is  inversely  proportional  to  the  width  of  the  saturation  limit  line  in  Fig.  4(a).  It  is 
shown  that  the  values  of  m2/mi  are  0.5  to  0.7  for  H2O,  1.7  to  2.1  for  NH3,  3.0  to  4.0  for  CsHfi,  3.7  to  5.0  for 
C5H12,  5.5  to  6.0  for  C4H10,  and  7.0  to  8.5  for  CsHg. 


4.4  The  Effect  of  Terminal  Temperature  Difference  ATi  in  Heat  Exchanger 

The  effect  of  the  terminal  temperature  difference  between  the  two  higher  temperature  sides  ATi  on  qpi  is  shown 
in  Fig.  10  for  NH3  and  CeH^.  For  NH3,  without  the  feed-liquid  preheating  due  to  the  vapor  exhausted  from  the 
bottoming  turbine,  the  topping  steam  pressure  Pi,  which  maximizes  rip| ,  increases  with  an  increase  of  ATi.  On 
the  other  hand,  for  CeHg,  with  the  preheating  regeneration  of  the  feed-liquid  at  the  bottoming  side,  a  pressure  of 
8  MPa,  which  corresponds  to  a  saturation  temperature  of  295  “C,  nearly  shows  the  upper  limit  of  Tipj .  Next, 
without  the  preheating  regeneration,  the  optimum  value  of  Pi,  which  maximizes  qpj ,  is  shown  against  ATi  in 

Fig.  11.  It  is  shown  that  the  optimum  value  of  P]  increases  in  proportion  to  an  increase  of  ATp  It  is  shown  that 
the  optimum  value  of  Pi  for  CeFU  is  almost  the  same  as  that  of  H2O. 

4.5  The  Effect  of  Subcooling  of  Condensed  Water  at  Topping  Side 

The  effect  of  subcooling  of  the  condensed  water  at  the  topping  side  in  the  heat  exchanger  on  r|pi  is  shown  in 

Fig.  12  as  a  parameter  of  AT2  (  10  to  40  °C  ),  which  is  the  temperature  difference  between  the  inlet  temperature 
of  55  “C  of  the  feed-liquid  at  the  bottoming  side  and  the  exit  temperature  of  the  heat  exchanger  at  the  topping 
side  as  shown  in  the  figure.  The  solid  line  connecting  the  symbol  •  shows  the  case  where  the  outlet  temperature 
of  the  heat  exchanger  at  the  topping  side  is  the  saturation  temperature  of  x=0  shown  in  parentheses  (Tie)  in  the 
figure.  The  four  lines  below  the  x=0  line  correspond  to  the  case  of  AT2=10  to  40  “C.  It  is  clarified  that  ripj  is 

greater  with  lower  subcooling.  Also,  the  symbol  ©  shows  the  case  where  the  feed-liquid  for  the  bottoming  cycle 
is  preheated  by  using  the  bleeding  vapor  of  the  bottoming  turbine,  which  is  bled  from  a  half  of  the  turbine  heat 
drop  and  a  terminal  high  temperature  difference  of  10  “C.  It  is  seen  that  rjpi  is  improved  by  0.2  %. 
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ATi  (»C) 

Fig.ll  The  optimum  Pi  for  ATi  without  preheating 


Fig.l2  Plant’s  thermal  efficiency  for  subcooling 
and  bleeding  regeneration  (NH3) 


Superheated  degree  Tsuper(°C) 


Fig.13  Plant’s  thermal  efficiency  for  superheated  two-fluid  cycle 


4.6  The  Effect  of  Turbine  Exhaust-Regeneration 

The  feed-liquid  of  55  "C  at  the  bottoming  side  is  preheated  by  the  superheated  vapor  exhausted  from  the 
bottoming  turbine  until  the  superheated  temperature  becomes  60  “C.  The  plant’s  thermal  efficiency  Tipi  is 
improved  as  shown  by  the  full  symbols  in  Fig.  6  for  C5H12  and  CeHg  because  of  the  heat  recovery  of  the  turbine 
exit  vapor. 

4.7  The  Effect  of  Superheating  at  Bottoming  Side 

The  relationship  between  the  superheated  vapor  temperature  T2  at  the  bottoming  side  and  the  plant’s  thermal 
efficiency  Tipj  is  shown  in  Fig.13  for  and  H2O.  The  values  of  thetemperature  T2  at  the  left  side  of  the 
figure  denote  the  main  vapor  temperature  without  superheating.  Superheating  is  done  in  the  MSW-bumt  boiler 
of  r|B  =0.76  at  the  topping  side.  The  total  heat  quantity,  which  is  the  sum  of  the  boiler  heat  quantity  at  both  the 
topping  and  the  bottoming  side,  is  34,896  kW  at  the  rate  of  MSW  300  t/day.  The  plant’s  thermal  efficiency  rip2 
is  improved  at  Pi=8  MPa  for  CgHg. 

4.8  Higher  Temperature  of  Ti  in  the  Future 

In  case  the  higher  temperature  of  the  maximum  steam  temperature  T  i  is  realized  owing  to  the  development  of  the 
tube  material  and  so  on  to  solve  the  high-temperature  corrosion  problem  in  the  MSW-bumt  boiler,  the  plant’s 
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thermal  efficiency  must  be  improved  further.  Here,  the  results  of  the  heat  balance  is  shown  in  Fig.  14  under  a 
maximum  steam  temperature  of  Ti=395  "C,  using  CsHg  as  the  working  fluid  for  the  MSW  of  300  tons/day.  The 
total  net  power  output  is  8,820  kW  and  the  plant’s  thermal  efficiency  is  improved  greatly  to  25.28  %  from  19.0 
%  for  the  single  Rankine  cycle  under  conditions  of  Pi=4  MPa  and  Ti=395  “C.  Also,  the  flowrate  ratio  m2/mi 
between  the  topping  and  the  bottoming  cycle  is  about  3.9. 


18.PFX395T 
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Theraal  plant  efficiency  :  25.3% 


Fig.  14  Flowsheet  of  two-fluid  cycle  power  plant  (H2O-C6H6  Ti,T2=395"C) 
5.  CONCLUSIONS 


The  performance  characteristics  of  the  two-fluid  cycle  due  to  an  increase  of  the  steam  pressure  were 
investigated,  using  6  kinds  of  liquid  as  the  working  fluid  including  water,  for  the  bottoming  cycle  under  a 
constant  condition  of  the  topping  steam  temperature  of  295  “C.  The  conclusions  are  as  follows. 

1)  The  fluid  having  a  good  thermal  efficiency  is  CgHe  and/or  H2O.  The  plant’s  thermal  efficiency  of  CeH^  is  19.7 
%  under  a  topping  steam  pressure  of  8  MPa,  while  the  conventional  thermal  efficiency  is  17.6  %.  Further,  an 
improvement  of  the  thermal  efficiency,  21.3  %,  is  anticipated  by  superheating  the  bottoming  vapor  for  CgHfi.  2) 
When  the  bottoming  working  fluid  is  superheated,  the  degree  of  improvement  of  the  thermal  efficiency  is 
different  owing  to  the  kind  of  working  fluid  and  the  plant  condition.  There  are  some  cases  of  lower  thermal 
efficiency.  3)  When  the  topping  liquid  is  subcooled  in  the  heat  exchanger,  the  thermal  efficiency  is  higher  as  the 
subcooling  of  the  condensed  water  is  less.  Finally,  the  plant’s  thermal  efficiency  is  anticipated  to  be  25.3  %  for 
CftHg  for  a  higher  steam  temperature  of  T  i=395  °C  in  the  future.  However,  in  further  studies,  the  economy  of  the 
above  plant  and  the  properties  of  the  fluids  such  as  the  corrosion  and  the  toxicity,  including  the  other  working 
fluids  will  be  discussed. 
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ABSTRACT.  Present  wastes  from  high  density  animal-farming  have  created  serious  environmental  and  public 
health  problems.  Hence  there  is  an  urgent  need  for  the  development  of  a  safe  on-farm  animal-wastes  incineration 
system.  For  wastes  that  contain  high  vapor-pressure  hydrocarbon-components,  improved  incineration  can  be 
achieved  through  a  low  temperature  pre-carbonization  process.  The  resulting  pre-carbonized  products  can  be 
burnt  in  conventional  ways  to  greatly  minimize  ground  and  air  pollution  problems  and  to  improve  the  samtary 
condition  for  the  animal-farming  operation. 


1.  INTRODUCTION 

Large-scale  and  high  density  production  of  poultry  and  hogs  on  rural  farms  is  presently  an  economically 
significant  trend  throughout  the  world.  A  critical  environmental  and  health  problem  has  resulted  due  to  the 
inability  of  these  operations  to  handle  the  massive  quantities  of  animal  wastes  in  an  ecologically  and 
economically  sound  manner.  Pollution  of  ground  and  surface  water  due  to  mismanagement  of  ammal  wastes  is 
now  posing  threats  not  only  to  the  marine  life  but  also  to  the  health  of  people  working  and  living  along  major 
watersheds-  as  evidenced  by  recent  publicity  about  the  outbreaks  of  highly  toxic  orgamsms  (Barker,  1997)  m 
rivers,  estuaries,  and  coastal  water  along  Mid- Atlantic  seaboard  of  USA.  Even  more  serious  is  the  yearly 
outbreak  of  new  strains  of  flu  viruses  in  England,  Spain,  Japan,  China,  Taiwan,  Malaysia,  and  Australia.  This  is 
also  due  in  part  to  high-density  animal  farming  that  has  greatly  enhanced  the  probability  for  genetic  mutation  of 
viruses.  It  is  generally  believed  that  new  strains  of  avian  viruses  are  first  transmitted  to  hop,  and  m  turn  the  new 
hog  viruses  are  transmitted  by  mosquitoes  to  human  beings.  Recent  studies  have  indicated  evidence  for  a 
possible  reverse  transmission  process.  Similar  virus  mutations  are  suspected  in  past  influenza  pandemics  that 
killed  over  20  million  people  in  1918,  1957  and  1968.  These  outbreaks  affect  not  only  the  health  of  world 
population  but  also  the  price  of  food  and  world  economy.  It  should  be  noted  that  the  overall  waste  production 
rate  from  high-density  animal  farming  is  100  times  more  than  that  produced  by  human  beings,  and  there  is 
presently  almost  no  sanitary  sewage  treatment  for  the  animal  waste.  It  is,  therefore,  most  urgent  that  one  should 
devise  means  to  solve  the  problem  at  its  source. 

Ironically,  high-density  animal  farming  is  operated  under  the  high-tech  control  of  very  large  corporations  in 
conjunction  with  their  affiliated  cooperative  farms.  The  cooperative  farmers  earn  their  income  by  pinching  eve^ 
penny  in  raising  the  animals  for  the  corporations.  Hence,  there  is  great  reluctance  by  the  farmers  to  solve  e 
waste  problem  as  it  will  greatly  affect  their  narrow  profit  margin.  The  problem  has  now  become  a  tough  political 
struggle  between  large  financial  interest  against  public  health  interest.  Because  high-density  ammal  farming  is 
gener'ally  located  far  apart  in  rural  areas,  it  is  not  economical  to  transport  the  wastes  to  a  central  processing  plant. 
Moreover  in  doing  so,  there  is  the  danger  for  spreading  new  viruses  from  one  farm  to  the  other.  Hence, 
treatment  of  animal  farm  wastes  must  be  performed  in  situ.  Various  biological  degrading  techniques  have  been 
tried  without  success  in  the  past  decades,  because  the  quantity  of  waste  production  simply  overwhelms  the 
relatively  slow  biodegrading  and  composting  processes.  This  has  resulted  in  serious  pollution  to  both  the  ^ace 
and  underground  water,  and  extreme  foul-smell  to  the  surrounding  air.  The  only  workable  solution  left  is  to 
incinerate  the  waste  on  site.  The  objective  of  this  paper  is  to  find  a  new  means  to  incinerate  the  waste  with 
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minimum  pollution  to  the  environment  and  cost  to  implement.  We  identify  this  technology  as  a  pre- 
carbonization  incineration  process. 

2.  PRE-CARBONIZATION  INCINERATION  TECHNIQUE 

The  low  temperature  pre-carbonization  technology,  also  known  as  the  charcoal  process,  was  discovered  and  used 
by  man  since  Stone  Age.  It  is  known  that  burning  charcoal  is  much  cleaner  than  burning  wood.  The  technology 
for  incineration  of  animal  wastes  is  originated  as  a  solution  for  the  safe  and  economical  disposal  of  municipal 
combustible  garbage  and  sewage  sludge.  The  technique  is  ideally  applicable  as  a  solution  for  safe  disposal  of 
animal  farm-wastes.  These  wastes  include  deceased  animal  carcasses  and  used-plastic  products.  Additionally, 
the  recaptured  waste  heat  can  be  utilized  to  provide  fresh  heated  or  cooled  air  in  the  animal  housing  areas.  The 
benefits  include  a  much  healthier  environment  for  the  animals,  which  in  turn  promote  better  growth  and  reduce 
morbidity  loss;  thus  keeping  the  proliferation  of  dangerous  viruses  in  check.  Compared  with  other  incineration 
processes,  this  low  temperature  pre-carbonization  technology  produces  the  least  amount  of  toxic  NOx,  SOx,  CO 
and  micro  fly-ash.  Due  to  special  composition  of  animal  feeds,  the  residual  ash  of  incineration  is  chemically 
neutral  with  pH  of  approximately  7.0.  Hence,  the  ash  can  be  safely  spread  into  the  soil  of  a  farm  to  improve 
both  its  mineral  content  and  texture.  The  process  has  no  additional  waste  products  that  could  cause  further 
problems.  Under  proper  implementation,  it  is  believed  that  the  technique  will  improve  the  profitability  of  a  farm 
rather  than  an  added  financial  burden  to  both  the  farmer  and  the  public. 

Since  ancient  time,  man  discovered  that  if  solid  fuels  were  pre-carbonized  at  a  low  temperature,  the  resulting 
char  provided  cleaner  and  more  efficient  combustion.  Unfortunately,  this  technology  has  received  very  little 
attention  in  modem  time.  Due  to  many  unresolvable  problems  facing  the  present  combustion  technologies,  in 
particular  the  problems  of  air  pollution  and  system  fouling,  we  have  re-examined  the  low-temperature  pre¬ 
carbonization  process.  For  example,  through  the  extrapolation  of  existing  pyrolysis  data  for  coal,  we  have  found 
that  in  the  low-temperature  pre-carbonization  process  at  a  temperature  range  of  350°-  400°C,  a  large  percentage 
of  hydrocarbon  compounds  in  solid  fuels  can  be  pre-carbonized  with  only  a  minimal  loss  of  high- vapor-pressure 
combustible  constituents.  Our  literature  search  has  revealed  no  published  data  for  the  preceding  stated  range  of 
pre-carbonization  temperatures.  In  this  paper  we  shall  present  the  results  of  our  studies  concerning  slow  and  low 
temperature  carbonization  of  various  solid  fuels:  such  as  different  ranks  of  coal,  rubber  tire,  animd-farm  wastes, 
sewage  sludge,  and  plastic.  The  study  was  performed  by  methods  of  thermal-gravimetric  analysis  (Carpenter 
and  Skorupska,  1993)  and  by  larger  sample  batches  in  a  temperature-controlled  oven,  from  which  the  rate 
constants  for  pre-carbonization  of  various  solid  fuels  were  determined. 

From  a  molecular  point  of  view,  both  the  present  forms  of  combustion  for  solid  fuels  by  chain  stoker,  powdered 
spray,  or  fluidized  bed  are  physically  non-steady  and  non-uniform  processes  of  chemical  oxidation.  The  fact  that 
it  is  necessary  to  improve  complete  combustion  for  these  processes  by  a  second  or  even  a  third  combustion  cycle 
speaks  for  itself.  That  is,  all  turbulent  mixing  processes  are  too  large  in  physical  scale  and  too  short  in  time  scale 
to  achieve  the  required  molecular  scale  of  mixing  and  reaction.  The  very  fact  that  there  is  a  visible  bright  flame 
in  all  these  combustion  processes  indicates  non-homogeneity  in  the  oxidation  of  carbon.  That  is,  before  a  liquid 
or  solid  fuel  particle  can  be  oxidized  it  will  first  goes  through  a  strong  outgassing  (pyrolysis)  stage.  This 
causes  the  oxygen  surrounding  the  fuel  particle  to  be  displaced  away  from  the  expanding  gas.  Hence 
combustion  can  take  place  only  through  a  molecular-diffusion  process  at  the  very  boundary  of  the  expanding 
gas.  At  the  ideal  combustion  temperature  of  1200°-1400°K,  greater  than  99%  of  the  combustion  energy  should 
be  emitted  as  invisible  infrared  radiation.  The  visible  yellow  flames  are  carbon  atoms  within  the  expanding  gas 
that  are  being  irradiated  to  incandescent  by  the  external  infrared-radiation,  and  are  not  yet  oxidized  due  to  the 
local  deficiency  in  oxygen. 

Our  solution  to  the  "unresolvable  problems"  associated  with  the  present-day  combustion  technologies  is  to 
employ  the  ancient  technology  of  pre-carbonization  for  solid  fuels.  For  example,  fast  pyrolysis  for  coal  as  a 
function  of  high  carbonization  temperature  (Smoot,  1985)  is  shown  on  the  right-hand  side  of  Fig.  1.  One  notes 
that  at  high  temperatures  a  large  percentage  of  coal  is  converted  into  liquid  tar  and  gas  fractions.  As  the 
carbonization  temperature  is  decreased  more  fractions  of  hydrocarbons  in  the  coal  can  be  carbonized  with 
smaller  loss  of  combustible  constituents.  Most  of  all,  less  tar  fraction  is  produced.  Our  data  for  slow  and  low- 
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temperature  carbonization  of  bituminous  coal  of  different  rank  is  shown  on  the  left-hand  side  of  Fig.  1.  In  this 
process,  there  is  only  minimal  loss  of  combustible  products  by  weight. 


Fig.  1.  Distribution  of  pyrolysis  products  at  various  pre-carbonization  temperatures. 


Fig.  2.  Pre-carbonization  of  Virginia  bituminous-coal  by  tbermal-gravimetric  analysis. 
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Pyrolysis  Temperature  T, 


Figure  2  shows  a  typical  result  of  thermal-gravimetric  analysis  for  pre-carbonization  of  Virginia  bituminous  coal. 
In  this  study,  67.8  mg  of  coal  sample  particles,  0.1  to  0.5  mm  in  size,  is  placed  in  a  crucible.  The  sample  is  first 
dried  for  30  minutes  at  1 10°C.  It  is  then  placed  in  a  helium  atmosphere  of  1  bar  pressure,  and  heated  at  a  rate  of 
10°C/min  to  a  constant  pre-carbonization  temperature  of  380°C.  The  recording  of  loss  of  weight  W  with  the 
time  of  carbonization  t  is  noted  to  be  exponential  in  nature.  To  obtain  the  rate  constant  k  for  the  carbonization 
process,  the  initial  dried  sample  weight  of  Wj  =  66.6  mg  and  the  final  pre-carbonization  weight  of  Wj=  64.3  mg 
are  noted  from  Fig.  2.  A  corresponding  normalized  weight-scale  defined  as  W  ={W -Wf)l{Wd-Wf)  is  plotted  in 
Fig.  2.  The  value  of  W  is  noted  to  range  from  0  to  1.  The  points  along  the  W(t)  curve,  at  which  the  normalized 
weight  is  =  0.37,  0.14,  and  0.05  are  marked  with  +.  These  points  are  assumed  to  correspond  to  1,  2,  and  3 
times  the  time  constant  r,  respectively;  where  W  =  t''\  Based  on  the  equal  time  intervals  found  between  these 
points,  the  normalized  time-scale  of  t/zis  established  in  Fig.  2.  The  time  constant  r  for  this  case  is  noted  to  be 
31  min.  Hence  the  pre-carbonization  process  is  95%  complete  in  3t  =93  min.  The  rate  constant  for 
carbonization  is  defined  as 

k  =  -dW/dt\^j^o=y'^-  (1) 

One  may  consider  the  value  of  z  defined  by  the  above  analysis  as  a  good  approximation  for  the  rate  constant  of 
the  low  temperature  pre-carbonization  process,  k  =\lz=  0.032  min'^.  Hence,  the  rate  constant  for  pre- 
carbonization  of  different  solid  fuels  can  be  defined  by  a  similar  analysis.  We  have  found  the  corresponding  rate 
constant  for  rubber  tire  to  be  k  =  0.025  min'^,  for  animal  wastes  and  sewage  sludge  0.06  min'l,  and  for  vinyl 
plastic  0.5  min'l. 

Based  on  the  preceding  analysis,  we  have  produced  large  batches  of  combustible  solid-fuel  in  a  steel  rotating- 
drum  filled  with  steel  pullets.  The  drum  is  placed  inside  an  electric  oven  in  which  the  temperature  is  maintained 
at  a  constant  temperature  of  375°C.  The  gas  that  evolves  during  the  carbonization  process  is  directed  into  a 
porous  sintered-alumina  closed-end  tubing,  having  a  wall  thickness  of  1  cm,  for  combustion  in  an  adjacent  oven 
that  is  maintained  at  a  temperature  above  800°C.  Combustion  of  the  gas  is  designed  to  take  place  inside  the  wall 
of  the  porous  tube.  This  provides  a  very  uniform  and  complete  combustion  for  the  gas  with  a  minimum 
production  of  pollution  products. 

3.  DESIGN  OF  A  PRE-CARBONIZATION  INCINERATOR 

In  the  United  States,  each  chicken  farmer  typically  raises  a  total  of  90,000  chickens  that  are  housed  in  three 
batches  according  to  their  different  stages  of  growth.  The  growth  period  for  each  batch  is  6  weeks.  The  bedding 
material  of  wood  chip  or  straw  containing  all  animals  wastes  is  renewed  after  a  few  growth  cycles.  The  waste  is 
bulldozed  into  a  storage  shed  for  subsequent  disposal.  In  hog  farms,  each  farm  typically  raises  a  total  of 
several  thousand  pigs  in  long  open  sheds,  with  each  shed  designed  for  different  stages  of  growth.  Open-grate 
flooring  is  often  used  to  collect  wastes  by  an  underground  pit,  where  the  waste  materials  are  pumped  into  a  6 
meters  deep  by  400  meters  long  open  pit  called  a  lagoon.  The  stench  from  such  an  operation  is  more  than 
overwhelming.  Spillage  and  mishandling  of  the  wastes,  as  mentioned  before,  are  presently  a  very  serious  public- 
health  problem. 


Presented  in  the  following  is  a  preliminary  incinerator  design  for  a  poultry  housing  unit.  The  litters  after 
separation  from  metal  and  stone  is  screw  fed  at  a  small  steady  rate  from  the  storage  bin  to  the  top  of  the 
incinerator.  See  Fig.  3.  The  litter  is  then  fed  slowly  down  the  large  central  feed-screw  of  the  incinerator  for  pre- 
carbonization.  The  total  travel  time  for  the  litter  to  reach  the  bottom  of  the  screw  feed  is  15  minutes,  during 
which  the  litter  is  subjected  to  pre-carbonization  at  a  controlled  uniform  temperature  of  370°C.  The  heating 
effect  is  supplied  by  the  per-heated  combustion  air  of  400°C  moving  down  the  central  tube  of  the  feed-screw, 
and  by  the  800°C  combusting  gas  on  the  outer  tube  surface  of  the  feed-screw.  The  combustible  gas,  released 
from  the  pre-carbonization  process,  after  mixing  with  the  preheated  air  is  directed  upward  into  eight  long  porous 
ceramic  tubing  shown  in  Fig.  3.  The  porous  ceramic  tubes  provide  large  heated  surface  area  for  promoting 
complete  uniform  combustion  of  hydrocarbon  gas  within  the  porous  wall.  If  necessary,  the  porous  ceramic 
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tubing  can  be  coated  with  a  micro  layer  of  platinum  to  serve  as  a  catalytic  surface,  much  like  the  catalytic 
converter  of  a  motor  car,  for  the  ultimate  dissociation  of  all  toxic  gases. 


The  temperature  of  combustion  in  the  incinerator  can  be  easily  regulated  by  controlling  the  pre-heated 
temperature  of  the  air  supply.  The  pre-carbonized  char  leaving  the  central  feed-screw  is  first  pulverized  by  steel 
rollers  to  increase  its  surface  area  for  combustion  on  a  series  of  rotating  pans,  see  Fig.  3.  The  residual  ash  from 
the  final  combustion  process  is  free  of  unbumed  carbon,  and  is  also  chemically  neutral  as  mentioned  before. 
Finally,  the  ash  is  screw  fed  to  a  storage  bin  for  subsequent  spreading  and  mixing  with  soil  in  the  farm. 


The  heat  derived  from  the  incineration  process  is  more  than  sufficient  for  heating  or  cooling  the  farm  balding 
with  fresh  air.  Electric  power  will  be  used  for  starting  up  the  incinerator  as  well  as  for  subsequent  control  of  the 
system  when  needed.  Details  for  the  automatic-control  system  and  heat-exchange  system  are  considered  to  be 
standard  air  conditioning  technology  and  are  not  discussed  herewith. 


Fig.  3.  Chicken-litter  incinerator  and  hot-air  heating  supply. 
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In  the  incineration  of  pig  waste,  the  litter  may  at  time  contain  much  water  used  for  flashing  the  litter  floor.  In 
this  case,  the  liquid  that  is  first  separated  from  the  solid  is  fed  as  fine  spray  directly  into  the  incinerator  for 
combustion.  The  feed  rate  is  limited  so  as  not  to  affect  the  basic  combustion  process. 
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ABSTRACT.  Proper  gas,  water  and  thermal  management  is  vital  to  the  successful  operation  of  proton- 
exchange-membrane  fuel  cells.  The  effectiveness  of  the  direct  liquid  water  injection  scheme  and  the 
interdigitated  flow  field  design  towards  providing  optimal  gas  distribution,  membrane  hydration,  and  heat 
removal  and  alleviating  the  mass  transport  limitations  of  the  reactants  and  electrode  flooding  was  investigated. 
It  was  found  that  the  direct  liquid  water  injection  used  in  conjunction  with  the  interdigitated  flow  fields°is  an 
extremely  effective  method  of  gas,  water  and  thermal  management.  When  used  in  the  anode,  the  forced  flow- 
through-the-electrode  characteristic  of  the  interdigitated  flow  field  provides  higher  transport  rates  of  reactant 
from  the  flow  channels  to  the  inner  catalyst  layer,  increases  the  hydration  state  and  conductivity  of  the 
membrane  by  bringing  its  anode/membrane  interface  in  direct  contact  with  liquid  water,  and  increases  the  cell 
tolerance  limits  for  excess  injected  liquid  water,  which  could  be  used  to  provide  simultaneous  evaporative 
cooling  for  the  cell.  When  used  in  the  cathode,  in  addition  to  the  enhanced  transport  rate  of  gaseous  reactant 
and  product,  the  shear  force  of  gas  flow  through  the  electrode  helps  to  remove  the  liquid  water  that  is  entrapped 
in  the  inner  layers  of  the  electrode,  thereby  significantly  reducing  the  electrode  flooding  problem. 

1.  INTRODUCTION 

Environmental  concerns  and  our  increasing  dependence  on  imported  fuels  call  for  alternative  energy  sources 
and  better  utilization  of  existing  energy  sources.  Fuel  cells  that  convert  chemical  energy  directly  into  electrical 
energy  offer  much  better  conversion  efficiency  than  most  existing  energy  conversion  devices;  and  when  fuel 
systems  such  as  hydrogen/oxygen  or  hydrogen/air  are  used,  fuel  cells  are  totally  pollution  free.  Of  various 
existing  fuel  cell  systems,  the  proton  exchange  membrane  (PEM)  fuel  cell  system  shows  greatest  promise  in 
future  applications  such  as  stationary  and  mobile  power  generation  because  of  its  high  efficiency  and  ease  of 
construction  and  operation.  The  attractiveness  of  this  fuel  cell  system  has  increased  significantly  within  the  past 
several  years  because  of  the  following  improvements.  The  catalyst  loading  has  decreased  significantly,  and 
membranes  with  improved  conductivity,  water  permeability  and  thermal  stability  have  been  developed. 
Electrode/membrane  contact  area  has  increased  and  materials  processing  and  preparation  cost  has  decreased. 
However,  before  this  system  can  become  economically  competitive  with  existing  technologies,  its  performance 
must  be  improved  further.  Recent  work  has  shown  that  optimal  reactant  gas  distribution  and  proper  water  and 
thermal  management  are  the  keys  to  achieving  improvements  in  this  area. 

To  address  these  problems  directly,  a  new  flow  field  called  the  interdigitated  flow  field  was  developed.  By 
forcing  the  gas  to  flow  through  the  electrodes  in  order  to  exit  as  compared  to  flowing  over  the  surface  of  the 
electrodes  in  a  “conventional”  flow  field,  the  transport  of  the  reactant  and  product  gases  to  and  from  the  catalyst 
layers  are  converted  from  a  pure  diffusion  mechanism  to  a  forced  convection/diffusion  mechanism.  See  Fig.  1. 
As  a  result,  the  diffusion  layer  is  greatly  reduced  from  the  whole  electrode  thickness  consisting  of  the  catalyst 
layer  and  the  macro-porous  backing  layer  to  a  much-thinner  combined  catalyst  and  stagnant  layer.  Furthermore, 
the  shear  force  of  this  gas  flow  helps  to  remove  any  liquid  water  that  is  entrapped  in  the  inner  layers  of  the 
electrode,  thus  eliminating  the  electrode  flooding  problem  [1,2].  The  forced-flow-through  characteristic  created 
by  the  interdigitated  flow  field  also  enables  the  cell  to  handle  two-phase  (liquid  water  and  reactant  gas)  flow 
allowing  the  direct  liquid  water  injection  scheme  to  be  used  effectively.  By  introducing  liquid  water  directly 
into  the  anode  and  allowing  it  to  contact  the  anode  and  membrane  interface,  higher  membrane  hydration  and 
consequently  higher  conductivity  can  be  achieved  [3].  This  paper  discusses  the  effectiveness  of  the  direct  liquid 
water  injection  scheme  and  the  interdigitated  flow  field  towards  providing  optimal  membrane  hydration  and 
alleviating  the  mass  transport  limitations  of  the  reactant  gases  and  electrode  flooding. 
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Figure.  1.  Schematic  of  an  anode  half-cell  with  an  interdigitated  flow  field. 

It  is  important  to  point  out  that  the  effectiveness  of  the  direct  liquid  water  injection  scheme  has  been 
theoretically  evaluated  and  proven  by  mathematical  models  [4,5].  Mathematical  models  of  a  PEM  fuel  cell 
system  with  the  interdigitated  flow  fields  have  also  been  recently  presented  [6-8]. 

2.  EXPERIMENTAL 

The  fuel  cell  used  in  this  study  consists  of  graphite  plates  with  machined  flow  fields  for  gas  distribution  and  pre- 
aasketed  membrane  and  electrode  assemblies  (MEA’s)  provided  by  W.L.  Gore  and  Associates.  Except  for  the 
Tast  results  presented  in  Figure  6  where  a  20-pm  membrane  was  used,  the  MEA’s  used  had  a  40pm-thick 
GORE-SELECT™  membrane  with  an  equivalent  weight  of  950  and  a  catalyst  loading  of  0.3  mg 
Pt/cm^/electrode.  The  cell  had  an  active  surface  area  of  100  cm  per  electrode.  The  macro-porous  diffusion 
layers  were  made  of  carbon  fiber  cloths.  Metering  pumps  were  used  to  inject  liquid  water  directly  into  the  gas 
streams.  Unless  otherwise  stated,  cell  pressures  reported  were  outlet  pressures.  Pressure  drops  across  Ae  cell 
were  measured  with  water  manometers,  and  gas  flow  was  controlled  by  mass  flow  confrollers.  Heater  c^idges 
imbedded  in  stainless  steel  blocks  placed  next  to  the  cell  were  used  to  control  the  cell  temperati^e.  Gas  flow 
rates  were  held  constant  during  the  entire  experiment,  and  for  quick  comparison  purpose  all  flow  rates  are 

reported  in  A/cm^  equivalent. 

Different  amounts  of  liquid  water  were  injected  into  both  the  anode  and  cathode  gas  streams  of  a  PEM  cell 
having  either  the  conventional  or  interdigitated  flow  fields.  By  holding  the  amount  of  water  injected  into  one 
electrode  constant  while  varying  the  amount  injected  into  the  other,  the  effects  of  liquid  water  injection  into 
each  electrode  can  be  investigated.  The  results  from  these  runs  were  used  to  evaluate  the  effectiveness  of  the 
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combined  direct  liquid  water  injection  and  interdigitated  flow  fields  as  a  method  of  gas,  water  and  thermal 
management  for  PEM  fuel  cells. 


3.  RESULTS  AND  DISCUSSION 


Oxygen  Operation 

Effects  on  anode.  In  this  study,  the  anode  and  cathode  gas  flow  rates  and  water-to-oxygen  ratio  were  held 
constant  at  2.5  A/cm^,  3.0  A/cm^  and  0.64  mol  H20/mol  O2,  respectively,  and  the  water-to-hydrogen  ratio  was 
varied  from  0  to  2.03  mol  H20/mol  H2.  Note  that  at  80°C  a  saturated  gas  has  a  water-to-gas  ratio  of 
approximately  0.88  mol  H20/mol.  From  the  results  presented  in  Figure  2  the  following  observations  can  be 
made.  With  no  anode  water,  both  flow  field  designs  gave  poor  performance  with  that  of  the  conventional  flow 
field  being  poorer.  As  water  is  added  to  the  cell,  the  performance  of  both  cells  increased  with  that  with  the 
interdigitated  flow  fields  increasing  more.  This  is  attributed  to  the  fact  that  in  the  cell  with  interdigitated  flow 
fields  liquid  water  is  brought  into  direct  contact  with  the  catalyst  membrane  interface  resulting  in  higher 
membrane  hydration  and  conductivity.  On  the  other  hand,  in  the  cell  with  conventional  flow  fields,  water  has 
to  diffuse  from  the  channels  to  the  catalyst  membrane  interface  resulting  in  slower  water  transport  rate  to  the 
membrane  to  maintain  adequate  hydration.  Next,  as  the  amount  of  water  was  increased  further,  from  1.16  to 
2.03  mol  H20/mol  O2,  the  performance  of  the  cell  with  interdigitated  flow  fields  continued  to  increase  while  that 
of  the  cell  with  conventional  flow  fields  decreased.  This  decrease  in  performance  in  the  cell  with  conventional 
flow  field  is  attributed  to  liquid  water  flooding  of  the  macro-porous  backing  layer.  These  results  confirm  the 
effectiveness  of  the  combined  system  of  direct  liquid  water  injection  and  interdigitated  flow  field  design  as  a 
water  management  method.  Furthermore,  the  ability  to  tolerate  excess  liquid  water  allows  this  system  to  use  the 
inherent  evaporative  cooling  characteristic  for  thermal  management. 


Figure  2.  Performance  comparison  between  flow  fields  for  oxygen  operation  at  various  anode  water 
injection  levels.  [Tceu=  80"C,  Pa=Pc=latm,  40pm  membrane,  H2  flow  rate=2.5A/cm^,  O2  flow  rate=3.0 
A/cm^,  cathode  water=0.64  mol  H20/mol  O2,  solid  lines=Interdigitated,  Dashed  lines=Conventional.] 

Effects  of  thin  membrane  on  anode  humidification.  In  this  study,  MEA’s  with  thinner  (20pm  vs.  40pm) 
membranes  were  used  to  evaluate  the  effect  of  water  back  diffusion  on  anode  humidification.  Except  for  a  cell 
temperature  of  60°C,  all  other  operating  conditions  were  similar  to  those  used  in  the  previous  case.  The  results 
given  in  Fig.  3  show  that  by  having  a  thinner  membrane  to  promote  higher  water  back  diffusion  rate  from  the 
cathode  to  the  anode,  as  well  as  lower  ionic  resistance,  the  effect  of  anode  humidification  on  the  cell 
performance  is  reduced.  These  two  cells  with  either  interdigitated  or  conventional  flow  fields  performed  better 
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than  the  two  cells  with  thicker  membranes  at  the  same  operating  conditions.  However,  the  cell  with 
interdigitated  flow  fields  still  performed  better  than  that  with  conventional  flow  fields. 


Figure  3.  Performance  comparison  at  60"C  between  flow  fields  for  oxygen  operation^with  thinner 
(20mm)  membranes.  [Pa=Pc=latm,  H2  flow  rate=2.5A/cm^  O2  flow  rate=3.0  A/cm  ,  cathode 
water=0.64mol  H20/mol  O2,  solid  lines=Interdigitated,  Dashed  lines=Conventional.] 
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Figure  4.  Performance  comparison  between  flow  fields  for  oxygen  operation  at  various  cathode  water 
injection  levels.  [Tceu=  SO^C,  Pa=Pc=latm,  40pm  membrane,  H2  flow  rate=2.5A/cm  ,  O2  flow  rate=3.0 
A/cm^  anode  water=0.36  mol  H20/mol  H2,  solid  lines=Interdigitated,  Dashed  lines=Conventional.] 
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Effects  on  cathode.  In  this  study,  the  anode  and  cathode  gas  flow  rates  were  set  at  the  same  values  as  those  in 
the  previous  study.  The  water-to-hydrogen  ratio  was  now  held  constant  at  0.36  mol  H20/mol  H2,  and  the  water- 
to-oxygen  ratio  was  varied  from  0  to  1.3  mol  H20/mol  O2,  The  results  are  presented  in  Fig.  4.  Again  as  in  the 
previous  case,  the  cell  with  interdigitated  flow  fields  consistently  performed  better  that  that  with  conventional 
flow  fields.  In  this  case,  the  cell  with  interdigitated  flow  fields  benefited  from  1)  higher  mass  transport  rate  of 
oxygen  to  the  catalyst  layer,  2)  better  membrane  hydration  and  3)  more  effective  water  removal  from  the 
electrode  as  a  result  of  the  forced  flow-through-the-electrode  characteristic  of  the  dead-ended  channel  design. 
Without  these  benefits  of  the  interdigitated  flow  fields,  the  cathode  of  the  cell  with  conventional  flow  fields 
became  quickly  flooded  with  liquid  water.  The  situation  worsened  as  more  liquid  water  was  injected  into  the 
cathode. 

Air  Operation 

When  air  is  used  as  the  cathode  reactant,  the  performance  of  a  PEM  fuel  cell  is  affected  in  two  ways.  First, 
lower  oxygen  concentration  in  air  reduces  the  reactivity  of  the  cathode  reaction  resulting  in  higher  cell 
overpotential.  Second,  higher  gas  flow,  which  is  needed  because  of  the  lower  oxygen  concentration,  leads  to 
higher  pressure  drop  and  therefore  higher  parasitic  power  loss.  Furthermore,  higher  cathode  gas  flow  rate  could 
exacerbate  the  membrane  dehydration  problem.  With  more  water  transported  out  of  the  cathode,  water  transport 
across  the  membrane  could  change  from  the  back-diffusion  of  water  from  the  cathode  to  the  anode  to  diffusion 
in  the  same  direction  as  electro-osmosis  (towards  the  cathode).  This  would  put  a  higher  demand  on  anode 
humidification  or  lead  to  more  severe  membrane  dehydration.  Liquid  injection  into  both  the  anode  and  cathode 
gas  streams  was  again  conducted  to  evaluate  the  effectiveness  of  the  combined  liquid  water  injection  and 
interdigitated  flow  field  strategy. 

Effects  on  anode.  In  this  study,  the  anode  and  cathode  gas  flow  rates  and  water-to-oxygen  ratio  were  held 
constant  at  2.5  A/cm^,  2.0  A/cm^  and  0.20  mol  H20/mol  O2,  respectively,  and  the  water-to-hydrogen  ratio  was 
varied  from  0  to  1.2  mol  H20/mol  H2.  Lower  cathode  gas  stoichiometric  flow  rate  was  used  to  minimize 
pressure  drop  in  the  cell.  The  results  presented  in  Fig.  5  show  behaviors  similar  as  those  in  Fig.  2  for  oxygen 
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Figure  5.  Performance  comparison  between  flow  fields  for  air  operation  at  various  anode  water  injection 
levels.  [Tceu=80"C,  Pa=Pc=latm,  40pm  membrane,  H2  flow  rate=2.5A/cm^,  Air  flow  rate=2.0  A/cm^, 
cathode  water=0.20mol  H20/mol  O2,  solid  lines=Interdigitated,  Dashed  lines=Conventional.] 
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operation.  First,  with  no  anode  water  both  flow  field  designs  gave  poor  performance.  Second,  the  perforniance 
increased  greatly  when  water  was  added  to  the  anode  gas  streams.  Finally,  the  cell  with  conventional  flow  fields 
became  flooded  as  the  amount  of  water  injected  into  the  anode  gas  stream  increased  beyond  a  certain  level.  In 
addition  to  these  observations,  these  results  also  showed  that  the  effect  of  dehydration  was  more  severe  when  no 
water  was  added  to  the  anode,  and  when  water  was  added  the  increase  in  performance  was  more  pronounced  for 
both  flow  field  designs.  Finally,  the  cell  performance  obtained  with  air  was  not  as  good  as  that  with  oxygen  as 
expected  because  of  the  lower  oxygen  concentration. 

Effects  on  cathode.  In  this  study,  the  anode  and  cathode  gas  flow  rates  were  set  at  the  same  values  as  those  in 
the  previous  study.  The  water-to-hydrogen  ratio  was  now  held  constant  at  0.36  mol  HzO/mol  H2,  and  the  water- 
to-oxy-en  ratio  was  varied  from  0  to  0.41  mol  HzO/mol  O2,  The  results  are  presented  in  Fig.  6.  Note  that  adding 
water  into  the  cathode  gas  stream  increased  the  performance  of  cells  of  both  flow  field  designs.  The  effect  on 
the  cell  with  interdigitated  flow  fields  is  more  pronounced.  At  0.41  mol  H20/mol  O2,  one  could  see  the  mass 
transport  limitation  behavior  (sharp  drop  in  performance  at  high  current  densities)  for  the  cell  with  conventiona 
flow  fields.  This  is  the  sign  of  cathode  flooding,  which  could  highly  hinder  the  transport  of  oxygen  to  the  active 
sites.  Finally,  note  that  the  performance  of  the  cell  with  interdigitated  flow  fields  with  no  anode  water  was 
much  worse  that  that  of  the  cell  with  conventional  flow  fields.  This  is  attributed  to  the  fact  that  having  dry  gas 
flowing  much  closer  to  the  catalyst  layer,  as  a  result  of  the  forced  flow-through-the-electtode  characteristic  of 
the  interdigitated  flow  field,  leads  to  more  severe  dehydration  of  the  anode  and  membrane  interface. 
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Figure  6.  Performance  comparison  between  flow  fields  for  air  operation  at  various  cathode  water 
injection  levels.  [Tceu=80'’C,  Pa=Pc=latm,  40}im  membrane,  H2  flow  rate=2.5A/cm  ,  Air  flow  rate=2.0 
A/cm^  anode  water=0.36  mol  H20/mol  H2,  solid  lines=Interdigitated,  Dashed  lmes=Conventional.] 

4.  CONCLUSIONS 

The  interdigitated  flow  field  design  shows  superior  performance  over  the  conventional  flow  field  design  due  to 
its  enhanced  transport  capabilities.  Liquid  water  injection  when  used  with  the  interdigitated  flow  field  design  is 
an  extremely  effective  gas,  water  and  thermal  management  strategy.  Using  the  higher  liquid  water  tolerance 
levels  offered  by  the  interdigitated  flow  fields,  excess  injected  liquid  water  could  be  used  as  a  heat  removal 
method  for  PEM  fuel  cells. 
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ABSTRACT.  Proton  exchange  membrane  (PEM)  fuel  cells  have  emerged  as  a  viable  technology  for  power 
generation  and  energy  conversion.  Fuel  cell  engines  for  transportation  applications  possess  many  attributes  such 
as  high  fuel  efficiency,  low  emission,  quiet  and  low  temperature  operation,  and  modularity.  This  paper  provides 
a  tutorial  overview  of  critical  transport  phenomena  occurring  in  PEM  fuel  cells  and  their  impacts  on  the  cell 
performance.  Both  hydrogen  and  direct-methanol  fuel  cells  are  discussed.  Coupled  experimental  and  modeling 
efforts  ongoing  at  Penn  State  Electrochemical  Engine  (EC-Engine)  Lab  are  described.  Recent  progress  in 
modeling  the  multi-dimensional  fluid  dynamics  and  multi-component  species  transport  with  electrochemical 
kinetics,  understanding  the  two-phase  transport  in  porous  electrodes,  and  developing  detailed  validation 
experiments  is  reviewed.  Areas  where  future  theoretical  and  experimental  research  is  needed  are  identified. 

1.  INTRODUCTION 

Fuel  cell  engines  can  potentially  replace  the  internal  combustion  engine  because  they  are  clean,  energy-efficient, 
quiet,  fuel-flexible,  and  quickly  starting  up  due  to  low-temperature  operation.  Figure  1  schematically  shows  a 
PEM  fuel  cell  consisting  of  an  anode,  a  membrane,  and  a  cathode.  The  membrane,  typically  a  few  hundred  pm 
thick,  is  also  the  electrolyte  and  is  made  of  ion-exchange  polymers.  The  anode  and  cathode  are  prepared  by 
applying  a  small  amount  of  catalyst,  typically  platinum  black  or  a  supported  platinum,  to  one  surface  of  a  thin 
sheet  of  porous  electrode  materials.  The  polymer  electrolyte  membrane  is  then  sandwiched  between  the  anode 
and  cathode,  as  shown  in  Fig.l,  and  the  three  components  are  sealed  together  to  produce  an  integral 
membrane/electrode  assembly  (ME A).  The  anode  and  cathode  are  contacted  on  the  back  side  by  flow  plates  in 
which  mini-channels  have  been  machined.  The  anode  flow  channel  supplies  either  gaseous  fuel  (hydrogen)  or 
liquid  fuel  (methanol),  whereas  air  or  oxygen  is  fed  into  the  cathode  flow  plate.  Both  types  of  fuel  flowing 
through  the  anode  channel  dissociate  at  the  catalyst  layer  into  protons  and  free  electrons.  The  protons  migrate 
through  the  membrane  electrolyte  to  the  cathode  where  they  combine  oxygen  from  air  and  electrons  from  the 
external  circuit  to  form  pure  water. 

The  performance  of  a  fuel  cell  is  measured  by  its  current-voltage  relation  (i.e.  the  polarization  curve).  Under  an 
applied  current  the  voltage  drop  is  mainly  caused  by:  (1)  overpotentials  of  electrochemical  reactions  occurring 
on  anode  and  cathode;  (2)  the  ohmic  drop  across  the  membrane;  and  (3)  the  transport  limitations  of  reactants 
and  products  (particularly  on  the  air  cathode).  At  high  current  densities  of  special  interest  to  vehicular 
applications,  excessive  water  is  produced  within  the  air  cathode  in  the  form  of  liquid  thus  leading  to  a  gas-liquid 
two-phase  flow  in  the  porous  electrode.  The  ensuing  two-phase  transport  of  gaseous  reactants  to  the  reaction 
surface,  i.e.  the  cathode/membrane  interface,  becomes  a  limiting  mechanism  for  cell  performance,  particularly  at 
high  current  densities  (e.g.  >1  A/cm^). 

Two-phase  flow  and  transport  also  occur  in  the  direct  methanol  fuel  cell,  e.g.  in  flow  channels  and  porous 
electrodes.  In  the  anode  flow  channel  the  liquid  phase  consists  of  the  aqueous  methanol  solution  and  the  gas 
phase  is  carbon  dioxide  produced  by  the  anodic  reaction  and  released  from  the  porous  anode.  The  formation  of 
CO2  bubbles  in  the  porous  anode  and  their  subsequent  transport  in  the  adjacent  flow  plate  directly  determine  the 
activity  of  the  catalyst  surface  and  hence  impact  the  fuel  cell  performance.  The  transport  of  the  liquid  water  and 
methanol  to  the  catalytic  reaction  sites  also  controls  the  rate  of  anodic  reaction.  On  the  cathode  side,  water  is 
transported  from  the  anode  side  via  electro-osmotic  drag  and  diffusion  as  well  as  produced  in  situ  by  the 
cathodic  reaction.  The  presence  of  excessive  water  will  flood  the  cathode  and  prevent  the  oxidant  from  reaching 
the  reaction  sites.  Therefore,  the  formation  of  water  droplets  in  the  porous  cathode  and  their  evaporation  into 
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the  cathode  flow  channel  are  important  processes  to  keep  the  porous  cathode  unsaturated  and  operative.  These 
two-phase  transport  phenomena  play  a  paramount  role  in  the  development  of  a  fuel-efficient  DMFC. 
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Figure  1.  Schematic  of  a  proton  exchange  membrane  (PEM)  fuel 
cell  where  the  fuel  can  he  hydrogen  gas  or  liquid  methanol. 

Thermal  management  emerges  as  a  critical  issue  in  high-power  fuel  cell  stacks.  Heat  generation  in  PEM  fuel 
cells  stems  from  the  irreversibility  of  the  electrochemical  reactions,  ohmic  resistance,  and  mass-transport 
overpotentials.  The  resulting  temperature  distribution  has  a  profound  impact  on  the  fuel  cell  performance 
because  it  affects  water  management  via  spontaneous  vaporization/condensation,  alters  the  transport 
characteristics  of  gaseous  species  through  thermal  buoyancy  and  thermocapillary  forces,  and  accelerates  the 
electrochemical  reactions.  If  there  is  insufficient  cooling,  heat  generation  may  give  rise  to  excessive  cell 
temperature  and,  consequently,  membrane  dehydration,  shrinkage  or  rupture  may  occur.  Therefore,  the  thermal 
management  of  a  fuel  cell  is  inherently  coupled  with  the  water  management,  and  the  two  combine  to  ensure  high 
performance  and  efficiency  of  the  PEM  fuel  cell. 

Much  prior  work  has  been  done  on  hydrogen  PEM  fuel  cells  due  to  their  recent  promise  for  transportation 
applications.  Prater  [1]  and  Gottesfeld  [2]  presented  excellent  reviews  of  the  hydrogen  fuel  cell  research  up  to 
mid-1990s;  Substantial  experimental  studies  were  reported  by  Gottesfeld  and  co-workers  [3]  and  advances  are 
continuing  to  be  made  worldwide,  e.g.  at  Los  Alamos  National  Laboratory  [4]  and  Texas  A&M  University  [5]. 
Modeling  and  computer  simulation  of  hydrogen  fuel  cells  have  also  been  attempted  by  a  large  number  of  groups 
with  the  goal  of  better  understanding  and  hence  optimizing  fuel  cell  systems  [3,  6-11].  However,  all  these  prior 
models  are  single-phase  in  nature,  thus  failing  to  consider  the  two-phase  flow  and  transport  with  capillary 
effects  inside  the  porous  cathode  although  its  importance  was  repeatedly  stressed  in  the  literature  (e.g.  [3]). 
Only  most  recently,  two-phase  flow  and  transport  in  the  air  cathode  of  hydrogen  fuel  cells  began  to  receive 
some  research  attention  [12,13]. 

Studies  on  direct  methanol  PEM  fuel  cells  are  of  most  recent  origin,  and  DMFC  systems  are  relatively  less 
understood  than  hydrogen  fuel  cells  despite  their  great  potential  as  a  power  plant  for  transportation  applications. 
Preliminary  studies  have  been  performed  by  Surampudi  et  al.  [14]  and  Halpert  et  al.  [15]  at  the  Jet  Propulsion 
Laboratory,  Ren  et  al.  [16]  at  Los  Alamos,  and  Weng  et  al.  [17]  at  Case  Western  Reserve  University.  Halpert  et 
al.  [15]  demonstrated  a  34%  thermal  efficiency  of  a  DMFC  stack  and  found  that  the  methanol  crossover  is  as 
high  as  20%.  Weng  et  al.  [17]  and  Ren  et  al.  [18]  measured  the  electro-osmotic  drag  coefficient,  a  major  index 
to  quantify  the  methanol  crossover  and  the  ensuing  reduction  in  the  fuel  efficiency  of  DMFC.  While  these 
initial  studies  have  begun  to  look  into  the  methanol  crossover  issue,  a  systematic  and  fundamental  understanding 
of  the  flow  and  transport  processes  of  liquid  methanol  and  gaseous  oxidant  in  DMFCs  is  absent,  thus  inhibiting 
the  further  improvement  of  the  fuel  cell  technology  for  mobile  applications. 
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The  present  paper  describes  both  experimental  and  modeling  efforts  ongoing  at  Perm  State  EC -Engine  Lab  and 
reviews  the  current  status  of  research  on  transport  processes  in  PEM  fuel  cells.  Section  2  will  discuss 
experimental  investigation  on  both  hydrogen  and  direct-methanol  fuel  cells  that  aims  at  providing  benchmark- 
quality  data  for  validating  fuel  cell  models  based  on  computational  fluid  dynamics  (CFD).  Section  3  will 
summarize  our  work  on  modeling  multi-dimensional  fluid  dynamics  and  multi-component  transport  coupled 
with  electrochemical  kinetics  as  well  as  a  fundamental  study  of  two-phase  transport  phenomena  in  the  air 
cathode  of  a  hydrogen  fuel  cell.  The  concluding  section  discusses  future  directions  of  the  research  on  transport 
phenomena  in  PEM  fuel  cells. 


2.  EXPERIMENTAL 

In  an  attempt  to  fully  validate  detailed  fuel  cell  engine  CFD  models,  several  test  rigs  have  been  developed  in  our 
laboratory.  Figure  2  presents  various  cell  components  typically  composed  of  a  single  PEM  fuel  cell.  A  single 
cell  test  rig  is  shown  in  Fig.3,  which  can  be  used  to  test  either  hydrogen  or  direct-methanol  fuel  cells  with  the 
effective  area  of  about  5  cm^.  The  test  apparatus  allows  for  full  control  and  measurements  of  fuel  and  oxidant 
flow  rates,  operating  temperature  and  pressure,  as  well  as  current  and  voltage.  Hydrogen  gas  is  pre-humidified 
by  a  heated  humidifier  bottle  before  entering  the  fuel  cell,  and  the  humidity  is  controlled  by  adjusting  the  bottle 
temperature. 

Most  recently,  we  also  developed  a  larger  single-cell  test  rig  for  direct-methanol  fuel  cells  (with  the  effective 
area  of  -50  cm^).  This  new  experimental  apparatus  provides  not  only  global  measurements  but  also  detailed 
diagnostics  including: 

1.  spatial  distribution  of  species  compositions  along  the  flow  path  via  syringe  sampling  and  Fourier 
Transform  Infrared  (FTIR)  spectrometer, 

2.  visualization  windows  together  with  a  Video  Microprobe  system  (with  900x  magnification)  to 
observe  and  classify  two-phase  flow  patterns  in  flow  channels,  and 

3.  a  segmented  cell  design  to  enable  measurement  of  the  local  current  density  distribution. 

It  is  expected  that  this  new  apparatus  will  provide  first  detailed  data  for  validation  of  a  DMFC  engine  model 
being  developed  in  parallel.  Finally,  a  one-kilowatt  hydrogen  fuel  cell  stack  custom-designed  is  also  available 
as  a  research  tool  to  address  stack  engineering  issues  such  as  active  cooling.  Test  data  are  to  be  presented  in  a 
future  publication. 


Figure  2.  Structure  of  a  PEM  fuel  ceU.  Figure  3.  A  single-ceU  experimental  setup. 


3.  COMPUTATIONAL  FLUID  DYNAMICS  MODELING 

Replacing  internal  combustion  engines  places  unprecedented  stringent  demands  on  fuel  cell  engine 
performance.  Computer  modeling  and  simulation  promise  to  reduce  the  number  of  trial-and-error  iterations  in 
FC  engine  design,  scale-up,  and  optimization.  In  the  following,  efforts  to  develop  a  computer-aided  design 
system  for  hydrogen  fuel  cells  are  described. 
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3.1  Multi-Dimensional  Transport  Phenomena  in  PEM  Fuel  Cells 

This  subsection  presents  a  comprehensive  model  of  hydrogen  PEM  fuel  cells  which  simultaneously  accounts  for 
multi-dimensional  fluid  flow  in  channels  and  porous  electrodes,  multi-component  species  transport  in  porous 
electrodes,  charge  transfer  kinetics  in  catalyst  layers,  and  charge  transfer  in  the  membrane  and  catalyst  layers. 
The  model  can  be  used  to  predict  steady-state  performance  of  fuel  cell  engines  as  well  as  the  transient  response 
to  fluctuations  in  operating  conditions,  to  evaluate  various  flow  field  designs,  and  to  upscale  fuel  cell  systems. 
A  schematic  illustration  of  the  modeled  PEM  fuel  cell  is  shown  in  Fig.4. 


Figure  4.  Schematic  diagram  of  the  PEM  fuel  cell  model. 
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Current  Density  [A/m^] 

Figure  5.  Model  comparison  with  experimental  data  of  Ticianelli  et  al.  (1988). 


Details  of  this  model  have  been  described  elsewhere  by  Um  et  al.  [19]  and  thus  are  not  repeated  here.  Figure  5 
shows  a  comparison  of  the  model  predictions  with  the  experimental  data  of  Ticianelli  et  al.  [20]  at  two  different 
operating  temperatures.  Excellent  agreement  can  be  seen.  Figure  6  display  sample  calculations  of  the  velocity 
vector  fields  in  both  anode  and  cathode  flow  channels,  the  water  vapor  mole  fraction  distribution  throughout  the 
cell,  and  the  oxygen  mole  fraction  distribution  in  the  cathode  and  its  flow  channel.  These  results  provide  much 
insight  into  how  a  PEM  fuel  cell  operates,  what  are  the  steps  limiting  the  cell  performance,  and  what  are 
innovative  means  to  relax  the  present  limitations. 


1463 


3.2  Two-Phase  Transport  in  Air  Cathode 

A  fundamental  study  of  two-phase  flow  and  transport  in  the  air  cathode  under  high  current  densities  has  recently 
been  carried  out  by  Wang  et  al.  [13].  We  focused  on  a  two-dimensional,  steady-state  and  isothermal  system  of  a 
porous  cathode  along  with  its  adjacent  flow  channel.  As  a  first  approximation,  the  porous  cathode  is  treated  as  a 
homogeneous  medium  with  constant  properties.  We  allow  water  in  the  electrode  to  exist  as  liquid  and  vapor 
depending  upon  whether  the  partial  pressure  of  water  vapor  in  air  exceeds  its  saturation  pressure.  The  governing 
equations  for  this  two-phase,  multi-component  system  in  a  porous  electrode  were  developed  based  on  the 
multiphase  mixture  model  of  Wang  and  co-workers  [21-25].  The  coupled  governing  equations  were  then  solved 
by  a  control-volume  based  finite-difference  method  [26].  Details  of  computer  simulations  performed  can  be 
found  in  Wang  et  al.  [13]. 
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Figure  6.  Sample  model  results  of  (a)  flow  fields  in  anode  and  cathode  gas  channels,  (b)  water  vapor  mole 
fraction,  and  (c)  oxygen  mole  fraction  for  =  815L4/ =  0.6  V  and  T  =  353K . 


Figure  7a.  Polarization  curve  of  the  air  cathode.  Figure  7b.  Current  density  distribution  with 

the  average  current  density  of  1.6  A/cm 
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Figure  7a  shows  a  simulated  polarization  curve  for  an  air  cathode  operated  at  80°C.  The  curve  compares  well 
with  experiment  observations.  At  low  current  densities,  the  cathode  activation  overpotential  is  solely  responsible 
for  the  potential  losses  of  the  cell.  At  higher  current  densities,  more  oxygen  is  consumed  and  more  water  is 
generated  at  the  cathode/membrane  interface  due  to  both  the  electrochemical  reaction  and  the  water  transport 
across  the  membrane  from  the  anode.  The  cell  polarization  then  begins  to  be  limited  by  the  transport  of  O2.  As 
the  current  density  rises  beyond  a  threshold  value,  i.e.  1.47  Alcrr?  in  the  present  case,  so  much  water  is 
produced  that  exceeds  the  capability  to  be  removed  by  air  from  the  electrode,  and  liquid  water  starts  to  form  in 
the  vicinity  of  the  cathode/membrane  interface.  The  presence  of  liquid  water  reduces  the  pore  spaces  for  oxygen 
transport  to  the  reaction  surface  as  well  as  renders  part  of  the  surface  electrochemically  inactive.  Clearly,  a  two- 
phase  model  is  warranted  for  fuel  cells  operated  at  such  high  current  densities,  an  operating  range  of  special 
interest  for  transportation  applications.  An  advantage  of  the  present  two-phase  model  is  not  only  providing  a 
unified  formulation  for  both  single-phase  analysis  at  low  current  densities  and  two-phase  analysis  at  higher 
values,  but  also  forecasting  and  ensuring  a  smooth  transition  from  the  single-  to  two-phase  region  automatically. 
The  predicted  onset  of  two-phase  regime  is  in  accordance  with  experimental  observations  [3].  This  threshold 
current  density  may  vary  with  operating  conditions  for  a  given  fuel  cell,  in  particular,  the  cell  pressure  and 
cathode  porosity.  Figure  7b  shows  an  appreciable  current  density  distribution  developed  along  the  flow  channel 
due  to  the  depleting  oxygen  and  increasing  water  vapor  content  in  exhaust  air. 


Figure  8.  Water  vapor  mass  fraction  distribution  Figure  9.  Liquid  water  saturation  distribution  in 
in  air  cathode  and  channel  at  1.6  A/cm^  air  cathode  and  channel  at  1.6  A/cm^. 

The  possibility  to  form  liquid  water  in  the  cathode  is  dependent  on  two  competing  rates;  vapor  transport  rate 
within  the  cathode  and  the  water  generation  rate  at  the  cathode/membrane  interface.  No  liquid  water  will  appear 
if  water  vapor  can  be  sufficiently  removed  out  of  the  cathode  before  the  water  vapor  density  reaches  its 
saturated  value,  0.2907  kg/m^,  in  air  at  80°C.  Figure  8  displays  the  water  vapor  mass  fraction  contours  in  the 
cathode  and  gas  channel.  As  the  air  flows  through  the  gas  channel,  water  vapor  is  added  to  air  from  the  cathode 
resulting  in  an  increased  water  vapor  concentration  down  the  channel.  This  leads  to  a  decreased  concentration 
gradient  in  water  vapor  and  hence  a  lower  water  vapor  diffusion  rate  from  the  cathode/membrane  surface  to  the 
gas  channel.  As  a  result,  liquid  water  may  first  appear  in  the  vicinity  of  the  cathode/membrane  interface  near 
the  channel  outlet.  A  two-phase  zone  at  this  location  is  indeed  predicted  in  the  present  simulation  shown  in 
Fig.  8  where  the  water  vapor  concentration  is  seen  to  be  constant  at  the  saturated  value.  However,  the  liquid 
island  does  not  have  to  always  appear  near  the  outlet  because  the  local  current  density  there  is  lower  and  hence 
the  water  production  rate  also  lower.  Figure  9  shows  the  liquid  water  saturation  contours  in  the  same  case.  In 
accordance  with  Fig.8,  liquid  water  is  seen  in  the  upper-right  comer  to  coexist  with  the  saturated  water  vapor. 
The  predicted  liquid  amount  is  lower  than  that  reported  experimentally.  This  is  likely  because  the  present  study 
simulates  a  single  channel  whereas  experimental  fuel  cell  fixtures  usually  use  series-connected  channels.  With 
the  effective  channel  length  extended,  a  higher  liquid  water  saturation  will  result.  In  the  two-phase  zone,  liquid 
water  is  transported  mainly  by  capillary  action  -  since  the  flow  is  largely  absent  in  the  porous  cathode  -  to  the 
interface  between  the  two-  and  single-phase  regions.  This  interface  is  an  evaporation  front  where  liquid  water  is 
evaporated  into  the  gas  phase  and  then  carried  away  via  gas  phase  transport. 
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4.  CONCLUSIONS  AND  OUTLOOK 

The  present  paper  review  the  integrated  experimental  and  modeling  efforts  currently  being  made  at  Penn  State 
EC-Engine  Lab  to  understand  and  hence  predict  transport  phenomena  coupled  with  electrochemistry  in  PEM 
fuel  cells.  A  multi-dimensional  CFD  model  to  comprehensively  simulate  cell  performance  has  been  created,  and 
a  basic  study  of  two-phase  flow  and  multi-component  transport  in  air  cathodes  at  high  current  densities  was  also 
carried  out.  This  two-phase  model  is  equally  applicable  to  the  air  cathode  of  a  direct-methanol  fuel  cell 
(DMFC)  where  the  two-phase  region  is  even  more  extensive  due  to  large  electro-osmotic  and  diffusion  fluxes  of 
liquid  water  from  the  DMFC  anode.  Similarly,  the  DMFC  anode,  where  the  liquid  phase  is  methanol  aqueous 
mixture  and  the  gas  phase  is  product  carbon  dioxide,  can  be  treated  by  the  present  model. 

Future  work  will  include;  . 

(i)  Integrate  the  two-phase  cathode  model  into  the  three-dimensional  full-cell  CFD  model  to  examine  overall 
cell  performance  at  high  current  densities.  This  integration  will  also  permit  addressing  the  coupling 
between  the  water  content  and  the  water  activity  determined  by  state  of  water  at  the  membrane/cathode 
interface.  In  other  words,  the  liquid  water  formation  within  the  cathode  will  in  turn  affect  the  water 
transport  within  the  membrane  and  hence  its  ionic  conductivity  and  ohmic  potential  drop. 

(ii)  Combine  the  two-phase  model  and  three-dimensional  CFD  model  to  properly  assess  the  beneficial  effects 
of  an  interdigitated  flow  field  design  on  cell  performance  in  the  high  current  density  regime. 

(iii)  Perform  quantitative  comparisons  between  the  numerical  predictions  and  experimental  data  of  species 
composition  and  current  density  distributions  being  obtained  at  our  laboratory. 

(iv)  Develop  a  two-phase  flow  model  for  a  whole  direct-methanol  fuel  cell. 
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ABSTRACT.  This  paper  summarizes  the  recent  PEM  fuel  cell  models  developed  at  the  University  of  Mianii.  In 
the  last  a  few  years,  several  mathematical  models  for  PEM  fuel  cells  have  been  developed  at  the  University  of 
Miami  The  main  thrust  has  been  the  development  of  models  that  are  capable  of  simulating  fuel  cell  performance 
without  prescribing  arbitrary/approximate  boundary  conditions  at  the  interfaces  between  the  different  layers  of  the 
fuel  cell  sandwich.  By  solving  transport  equations  and  the  equations  for  electrochemical  reactions  and  current 
density  with  membrane  phase  potential  in  unified  domains,  polarization  curves  under  various  operating  conditions 
were  obtained.  The  modeling  results  also  show  the  variations  of  species  concentration  and  current  density  in  the 
directions  of  the  channels  and  across  the  channels. 

1.  INTRODUCTION  AND  BACKGROUND 

Recently,  several  mathematical  models  for  fuel  cell  performance  simulation  have  been  developed.  One  of  the  first 
models  was  developed  by  Springer  et  al  {H  It  is  an  isothermal  one-dimensional  steady-state  model.  This  model 
provided  useful  insight  into  the  fuel  cell’s  water  transport  mechanisms  and  their  effect  on  cell  performance.  Later 
they  developed  a  model  to  study  the  behavior  of  the  cathode  over  the  whole  range  of  current  density  [2].  Bernardi 
and  Verbruo^ge  [3]  developed  a  model  that  takes  into  account  of  many  of  the  important  phenomena.  There  are 
various  othCT  one-dimensional  models,  such  as  the  models  developed  by  Bernardi  and  Verbrugge  [4],  Ridge  and 
White  [5],  Verbrugge  and  Hill  [6,7],  etc.  These  models  provided  valuable  information  and  the  first  step  toward  fuel 

cell  modeling. 

Based  on  the  one-dimensional  models,  some  two-dimensional  models  have  been  developed.  The  2-D  models  deal 
mostly  with  the  transport  phenomena  in  the  domain  consisting  of  membrane,  catalyst  layers  and  the  gas  diffusers. 
The  concentrations/partial  pressures  in  the  gas  channels  are  assumed  more  or  less  arbitrarily,  or  averaged  values  are 
used  as  boundary  conditions  at  the  interface  with  the  gas  diffusers.  The  work  of  Singh  et  al.  [8]  assumed  linear 
variations  of  the  chemical  species  at  the  gas  channel-gas  diffuser  interfaces,  and  the  model  describes  phenomena 
exclusively  in  the  domain  consisting  of  the  membrane,  catalyst  layers  and  the  gas  diffusers.  Fuller  and  Newman  [9] 
solved  the  equations  for  the  transport  phenomena  across  the  fuel  cell  sandwich  at  certain  locations  along  the  gas 
channel,  while  the  gas  outside  the  gas  diffusers  is  assumed  to  be  uniform  composition  in  the  direction  across  the  cell. 
Nguyen  and  White  [10]  used  algebraic  expressions  for  the  concentrations  along  the  electrodes,  while  Amphlett  et  al. 
[1 1],  in  their  modeling  of  the  Ballard  IV  fuel  cell  assume  averaged  partial  pressures  along  the  gas  channels. 

Most  of  the  models  deal  with  the  processes  in  the  membrane,  the  catalyst  layers  and  the  diffusion  layers.  They 
prove  to  be  very  useful  for  prediction  some  phenomena  in  fuel  cells  and  provided  valuable  insight  information  on 
the  fundamental  mechanisms  of  some  of  the  processes.  However  all  the  previous  models  have  their  limitations  due 
to  the  approximate  boundary  conditions  prescribed  at  the  interfaces  between  the  gas  diffuser  and  the  gas  channels,  or 
between  the  catalyst  layer  and  the  gas  diffusers. 


In  order  to  facilitate  our  discussion,  two  schematic  drawings  are  provides  here  in  Fig-1.  Figure  1  (a)  shows  the 
PEM  fuel  cell  sandwich  in  the  gas  channel  direction  and  Figure  1  (b)  shows  the  sandwich  in  the  direction  across  the 
gas  channels.  The  fuel  cell  sandwich  consists  of  two  collector  plates,  two  gas  channels,  two  diffusion  layers,  two 
catalyst  layers,  and  a  membrane. 
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Fig.  1.  Schematic  of  the  PEM  fuel  cell  sandwich,  (a)  in  gas  channel  direction;  (b)  across  the  channel  direction. 


All  the  earlier  models  used  some  artificial  boundary  conditions  at  the  interface  between  the  gas  diffusers  and  the  gas 
channels.  It  is  obvious  that  the  concentrations  of  the  reactants  along  the  interfaces  at  any  point  a:  0,  depend  on  the 
reaction  rate  in  the  catalyst  layers  from  the  entrance  to  the  point  x.  Imposing  some  artificial  values  along  the 
interface  will  obviously  introduce  errors  and  these  errors  become  very  significant  when  the  models  are  used  to 
simulate  large  fuel  cells. 


Two-dimensional  models  will  introduce  significant  errors  when  applied  to  real-life-size  fuel  cells.  The  dimensions 
in  most  the  2-D  models  are  the  x-  and  y-directions  (Fig.  1-a).  In  these  models  the  effects  of  the  third  dimension  (the 
z-direction)  are  neglected.  The  reaction  rate  at  any  location  depends  on  the  partial  pressure  of  the  reactants  in  the 
catalyst  layer.  Thus  the  current  density  in  the  z-direction  will  not  be  uniform.  From  Fig.  1-b,  it  is  evident  that  the 
concentration  of  reactants  in  the  catalyst  layers  can  not  be  uniform.  The  concentration  of  the  reactants  at  a  point 
under  the  collector’s  “land  area”  will  definitely  be  lower  than  the  point  directly  under  the  gas  channels  due  to  greater 
diffusion  barrier. 


The  reaction  rate  in  the  catalyst  layer  mainly  depends  on  the  reactant  adsorption  interaction  with  the  catalyst  and  the 
active  surface  area  of  the  catalyst.  The  adsorption  rate  in  turn  depends  on  the  reactant  concentrations  in  the  catalyst 
layer,  and  thus  depends  on  the  concentrations  at  the  interface  between  the  diffusion  layer  and  the  gas  channel.  On 
the  other  hand,  the  concentrations  at  this  interface  depend  on  the  reaction  rate  in  the  catalyst  layer.  As  mentioned 
above,  in  all  the  published  models,  either  constant  values  or  some  predetermined  variations  of  the  concentrations 
were  imposed  at  this  interface.  This  obviously  introduced  some  subjective  arbitrariness. 

In  order  to  eliminate  the  arbitrary,  or  approximate  boundary  conditions,  the  governing  equations  (continuity 
equation,  momentum  equations,  species  concentration  equations,  and  the  electrochemical  reaction  equations)  have  to 
be  solved  in  unified  domains  consisting  of  the  gas  channels,  the  porous  diffusion  layers,  the  catalyst  layers,  and  the 
membrane.  The  only  independent  variables  for  specified  geometry  and  material  should  be  the  mass  flow  rates, 
temperature,  humidity  and  the  partial  pressures  of  the  species  at  the  gas  channel  inlets,  the  external  circuit  resistance, 
and  the  temperature  and  flow  rate  of  the  cooling  (or  heating)  agent.  These  are  actually  the  parameters  that  can  be 
controlled  in  real-life  fuel  cell  operations  or  in  laboratory  experiments. 

2.  MATHEMATICAL  MODELS 

In  recent  years  several  mathematical  models  for  PEM  fuel  cells  have  been  developed  at  University  of  Miami.  These 
models  include  a  two-dimensional  model  in  the  channel  direction  and  across  the  fuel  cell  sandwich  {x-y  directions  in 
Fig.  1-a),  a  model  perpendicular  to  the  channel  and  across  the  fuel  cell  sandwich  (z-y  directions  in  Fig.  1-b),  a  two- 
phase  flow  model  and  a  three-dimensional  model.  The  details  of  model  development  and  results  for  the  first  model 
was  presented  in  a  recent  paper  in  the  AIChE  Journal  [12],  and  the  second  model  was  presented  in  a  paper  to  appear 
in  the  J.  Applied  Electrochemistry  [13].  The  results  of  the  two-phase  flow  model  and  the  three-dimensional  model 
have  not  been  published  yet.  In  this  presentation,  we  will  not  present  any  of  the  models  in  detail,  but  rather  provide 
a  very  brief  discussion  on  how  the  unified  approach  was  implemented  in  the  models. 

At  this  stage,  the  crossover  of  oxygen  and  hydrogen  through  the  membrane  and  liquid  water  in  the  flow  channels  are 
neglected.  Thus  we  can  divide  the  fuel  cell  into  three  unified  domains:  (a)  the  cathode  channel,  gas  diffuser  and  the 
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catalyst  layer  for  the  humid  air  and  oxygen;  (b)  the  anode  channel,  gas  diffuser  and  catalyst  layer  for  hydrogen  and 
(c)  the  membrane  and  the  two  catalyst  layers  for  liquid  water  and  proton.  Considering  isothermal  condition,  the 
main  governing  equations  are  the  continuity  equation,  momentum  equation  and  the  species  concentration  equations, 
and  they  can  be  presented  as  follows, 

V-V  =  0  (1) 

p  V(  V  V)  =  -VP  +  \iAY  +  S ,  (2) 


pV(VX,)  =  D,,AXj+S,  I 

where  Si  is  the  source  term  in  the  momentum  equation  and  equals  the  force  exerted  by  the  porous  medium  on  the 
fluid;  S2  is  the  source  term  in  species  equation.  At  the  cathode,  the  source  terms  for  the  oxygen,  liquid  water  and 
protons  are: 


J_  •  J-  •  -i-  • 

F^' 


(4) 


and  at  the  anode,  the  source  terms  for  hydrogen  and  protons  are: 

_ l_  .  _1_  . 

2F  F^‘‘ 
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It  is  evident  that  the  governing  equations  at  different  parts  of  a  unified  domain  have  the  same  general  forms  and  the 
only  difference  lies  in  the  source  terms.  Thus  we  can  solve  the  equations  in  the  coupled  domains  without 
prescribing  boundary  conditions  at  the  various  interfaces. 


3.  TYPICAL  MODELING  RESULTS 


Figure  2  shows  a  typical  result  of  the  oxygen  molar  fraction  distribution  at  the  interface  between  the  cathode  gas 
channel  and  gas  diffuser  at  different  operation  current  densities.  It  is  obvious  that  the  oxygen  concentration  is 
neither  constant  nor  linear  along  the  channel  as  assumed  by  other  models.  The  earlier  fuel  cell  models  use  oxygen 
mole  fraction  or  partial  pressure  distribution  as  input  data.  As  stated  earlier,  reaction  rate  depends  on  oxygen 
concentration,  and  thus  the  “guessed”  oxygen  distribution  will  obviously  result  in  current  density  distribution 
dependent  on  the  “guessed”  boundary  conditions.  Our  coupled  approach  enabled  us  to  calculate,  rather  than 
prescribe  the  oxygen  concentration  distributions,  thus  eliminate  errors  introduced  by  the  approximate  boundary 
conditions. 

Figure  3  shows  a  typical  result  of  current  density  variations  along  the  flow  direction.  It  can  be  seen  that  current 
density  decreases  along  the  flow  direction,  and  the  variation  is  not  linear.  If  we  had  prescribed  oxygen 
concentration  boundary  condition  at  the  interface,  the  current  density  variation  would  then  artificially  mimic  the 
boundary  condition  provided. 
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Figure  2.  A  typical  result  of  oxygen  molar  fraction  variation  at  the  interface  between  the  cathode  channel  and  the 

gas  diffuser  [12] 


Figure  3.  Current  density  variations  along  the  flow  direction  at  different  average  current  densities  [12] 

Figure  4  is  a  typical  result  when  the  two-dimensional  model  in  the  across  the  flow  direction  is  used  to  study  the 
effects  of  flow  field  designs.  Figure  4-a  is  the  oxygen  concentration  distribution  for  straight-channel  flow  field,  and 
Figure  4-b  is  for  interdigitated  floe  field.  The  result  clearly  shows  the  effect  of  the  third  dimension  and  the 
performance  enhancement  of  the  interdigitated  flow  fields. 
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Figure  4.  Comparison  of  oxygen  concentration  distribution  in  the  gas  diffuser,  (a)  Conventional  flow  field;  (b) 
interdigitated  flow  field  [13] 

Figure  5  is  a  comparison  between  the  performance  of  fuel  cells  with  conventional  flow  fields  and  interdigitated  flow 
fields.  It  is  obvious  that  the  interdigitated  flow  field  significantly  outperforms  the  conventional  one.  In  this  case, 
the  limit  current  density  for  a  fuel  cell  with  interdigitated  flow  fields  is  approximately  three  times  that  for  a  fuel  cell 
with  a  conventional  flow  field.  The  modeling  result  shows  that  the  enhancement  of  mass  transfer  of  the 
interdigitated  flow  field  has  a  significant  effect  on  fuel  cell  performance.  This  obviously  is  very  important  in  fuel 
cell  applications,  especially  for  automotive  applications,  where  specific  power  and  power  density  are  of  primary 
importance. 


Figure  5.  Polarization  curves  of  fuel  cells  with  conventional  and  interdigitated  flow  fields  [13] 

Figure  6  shows  a  set  of  two-phase  flow  modeling  results  of  oxygen,  nitrogen  and  water  vapor  concentrations. 
Figure  6-a  shows  the  oxygen  concentration  field.  The  oxygen  concentration  decreases  towards  the  boundary  due  to 
electrochemical  reaction  occurred  at  the  boundary  (catalyst  layer).  It  can  be  seen  that  in  the  gas  diffuser,  the 
influence  of  convection  is  low  and  the  concentration  field  is  dominated  by  diffusion.  Figure  6-b  shows  water  vapor 
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concentration  is  higher  at  the  catalyst  boundary  than  at  the  diffuser-channel  boundary.  This  is  clearly  due  to  water 
generation  in  the  catalyst  layer.  Figure  6-c  shows  the  nitrogen  concentration  increases  toward  the  boundary,  and  the 
concentration  gradient  is  also  large,  which  can  be  easily  explained  by  the  consumption  of  oxygen.  When  the  partial 
pressure  of  oxygen  decreases,  the  partial  pressure  of  nitrogen  must  increase  to  keep  the  total  pressure  almost 
constant.  Please  note  that  the  partial  pressure  of  vapor  also  plays  a  role,  though  a  minor  one. 


Figure  6.  Typical  result  of  the  two-phase  flow  model:  species  concentration  field. 

Figure  7  is  a  typical  oxygen  concentration  profile  along  the  longitudinal  section  (x-y  in  Figure  1)  obtained  by  the  3- 
D  model.  Figure  8  is  produced  here  to  show  the  oxygen  concentration  distribution  at  different  current  densities.  It 
is  clearly  shown  from  these  two  figures  that  the  oxygen  concentration  changes  in  the  three  different  sub-domains: 
the  flow  channel,  the  gas  diffuser  and  the  catalyst  layer.  In  the  channel,  the  oxygen  concentration  changes  gradually 
due  to  convection  mixing.  In  the  gas  diffuser,  the  dominant  mass  transfer  mechanism  is  diffusion  (for  single-phase 
flow  model),  so  the  profiles  are  straight  lines.  The  steep  slope  is  due  to  the  higher  mass  transfer  resistance  of  the 
porous  media.  In  the  catalyst  layer,  oxygen  is  consumed.  It  is  clear  that  the  slope  is  higher  close  to  the  interface  due 
to  higher  reaction  rate  and  lower  close  the  membrane  where  reaction  rate  is  lower.  It  is  also  clear  from  the  figures 
that  oxygen  is  consumed  along  the  flow  direction.  If  one  examine  the  graph  closely,  one  can  find  that  the  spaces 
between  the  lines  at  different  x  values  decreases.  This  is  due  to  the  fact  that  reaction  rate  is  higher  close  to  the  inlet 
of  the  channel  and  decreases  along  the  channel. 


In  Figure  8,  we  see  large  changes  of  oxygen  concentration  across  each  of  the  layers  of  fuel  cell  sandwich  at  large 
current  densities.  In  the  very  earlier  models,  constant  oxygen  concentration  was  prescribed  at  the  interface  between 
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the  gas  diffuser  and  the  catalyst  layer.  Figure  8  shows  that  the  concentration  can  decrease  to  only  25%  of  the  bulk 
value.  In  the  later  models,  the  gas  diffuser  was  taken  as  part  of  the  solution  domain,  thus  the  concentration  at  the 
interface  between  the  channel  and  the  gas  diffuser  was  assumed  constant.  It  is  evident  from  Figure  8  that  such 
assumptions  also  certainly  introduce  significant  errors  at  large  current  densities. 


Figure  7.  Typical  oxygen  concentration  contours  across  the  cathode  gas  channel,  gas  diffuser  and  catalyst  layer. 
Base  operating  condition:  gas  diffuser  porosity  £  =  0.4,  isothermal  temperature  T  =  353  K,  inlet  air  velocity  I/,-  - 
0.35  nt/s,  inlet  pressure  =3  aim,  current  density  =  820  A/m  ,  stoichiometric  ratios  —  3.195. 


Figure  8.  Typical  oxygen  concentration  profiles  with  different  current  densities.  Base  operating  condition:  gas 
diffuser  porosity  £  =  0.4,  isothermal  temperature  T  =  353  K,  inlet  air  velocity  U,  =  0.35  m/s,  inlet  pressure  =3  atm. 

Figure  9  shows  a  result  of  current  density  distribution  obtained  by  the  3-D  model.  This  figure  shows  the  current 
variations  both  in  the  channel  direction  and  in  the  cross  flow  direction.  In  the  channel  direction,  oxygen 
concentration  decreases,  and  so  does  the  current  density.  In  the  cross  the  channel  direction,  the  “land  area”  of  the 
collector  plate  blocks  the  oxygen  transfer  to  the  reaction  site  under  it,  so  the  current  density  is  lower  there.  The 
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current  density  obtained  in  any  experiments  is  the  average  value  of  the  across  the  whole  active  area  of  a  fuel  cell. 
Figure  9  shows  that  for  a  large  fuel  cell,  one-dimensional  and  two-dimensional  models  can  not  provide  realistic 
performance  simulations  without  using  some  “guessed”  average  parameter  values. 
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Figure  9.  Typical  current  density  contour  across  the  oxz  plane  (in  Figure  2).  Base  operating  condition:  gas  diffuser 
porosity  £  =  0.4,  isothermal  temperature  T  =  353  K,  inlet  air  velocity  f/,  =  0.35  m/s,  inlet  pressure  -3  atm. 

4.  CONCLUSIONS 

In  the  last  a  few  years,  several  mathematical  models  for  PEM  fuel  cells  have  been  developed  at  the  University  of 
Miami.  By  a  unified  approach,  we  were  able  to  use  the  models  to  simulate  fuel  cell  performance  without  prescribing 
arbitrary/approximate  boundary  conditions  at  the  interfaces  between  the  different  layers  of  the  fuel  cell  sandwich. 
This  approach  eliminates  the  errors  introduced  by  approximate  boundary  conditions.  By  solving  transport  equations 
and  the  equations  for  electrochemical  reactions  and  current  density  with  membrane  phase  potential  in  unified 
domains,  we  obtained  reactant  concentration  distribution  in  each  layer  of  the  fuel  cell  sandwich.  Current  density 
variations  in  both  along  the  channel  and  across  the  channel  directions  were  also  obtained. 
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ABSTRACT.  Fuel  cells  have  been  used  as  the  prime  power  generators  in  space  missions  and  are  currently 
pursued  in  terrestrial  applications  because  of  their  high  efficiency  and  low  intrusion  to  the  environments.  In 
spite  of  their  success  in  power  plant  demonstration  projects,  fuel  cells  remain  as  pre-commercial  products 
although  they  have  better  performance  in  on-site  applications.  The  combination  of  hydrogen  stored  in  cartridges 
with  or  without  adsorbing  materials  and  PEM  fuel  cells  called  fuel  cell  power  packs  may  be  used  to  replace  the 
rechargeable  batteries  currently  in  use. 


1.  INTRODUCTION 

In  recent  years,  fuel  cells  have  generated  great  interests  among  scientists,  engineers,  industrial  developers  as 
well  as  educators  perhaps  because  of  the  innovation  and  yet  not  far  from  traditional  methods  of  power 
generation.  Above  all,  fuel  cells  offer  much  improvement  both  in  energy  conversion  efficiency  and  in 
environmental  benefits.  Hence,  ever  since  their  success  in  space  missions  in  the  60's,  there  have  been  a  lot  of 
efforts  trying  to  bring  this  technology  to  terrestrial  applications.  However,  like  every  new  technology,  there  are 
more  problems  than  anticipated  which  make  fuel  cells  hard  to  be  realized,  although  several  demonstration 
projects  have  been  successfully  performed  to  show  the  feasibility  of  their  principles  of  operations.  Among  these 
success  are  the  4.5  MW  and  11  MW  phosphoric  acid  fuel  cell  power  plants  in  Goi  of  the  Tokyo  Electric  Power 
Company,  the  2  MW  molten  carbonate  fuel  cell  power  plant  by  the  Energy  Research  Corporation,  and  several 
power  plants  with  smaller  capacity  such  as  the  250  kW  molten  carbonate  fuel  cells  by  M-C  Power  Company  and 
the  100  kW  solid  oxide  fuel  cells  by  the  Westinghouse  Corporation.  By  far,  the  most  notable  program  to  date  is 
the  fleet  of  200  kW  on-site  power  plants  using  phosphoric  acid  fuel  cells  built  by  ONSI  Corporation  of  the 
International  Fuel  Cells,  and  the  program  is  currently  under  worldwide  demonstration/evaluation. 
Experimentation  of  one  of  such  products  was  performed  by  a  collaboration  of  the  Power  Research  Institute  of 
the  Taiwan  Power  Company  and  the  Energy  and  Resources  Laboratories  of  the  Industrial  Technology  Research 
Institute  [1]  and  the  results  have  been  reported  elsewhere  [2]. 

The  high  power  density  exhibited  by  the  recently  developed  Proton  Exchange  Membrane  (PEM)  fuel  cells  has 
attracted  a  lot  of  attention  for  their  use  in  mobile  applications  such  as  traction  in  automobiles  and  as  portable 
power  generators.  But  the  low  tolerance  of  carbon  monoxide  limits  the  use  of  this  kind  of  fuel  cells  on  the 
energy  source  commonly  available.  At  present,  hydrogen  stored  in  pressurized  cylinders  is  demonstrated  to  fuel 
PEM  fuel  cells  for  powering  buses  in  the  cities  of  Chicago  and  Vancouver.  On  a  smaller  scale,  hydrogen 
adsorbed  in  the  form  of  metal  hydrides  has  been  shown  to  power  PEM  fuel  cells  in  simple  and  safe  design  and 
operations  that  can  be  used  in  the  future  as  a  replacement  of  rechargeable  batteries.  Here,  the  power  generation 
and  the  energy  storage  mechanisms  are  separately  conducted  by  fuel  cells  and  hydrogen  cartridges  respectively. 
Hence,  the  combination  of  hydrogen  storage  and  PEM  fuel  cells  which  is  sometimes  called  the  fuel  cell  power 
pack  offers  shorter  time  of  recharge  and  longer  time  of  usage  between  charges.  On  reviewing  the  state-of-the- 
art  of  fuel  cells,  as  well  as  the  production,  the  storage  and  transportation  of  hydrogen,  this  paper  reports  a  study 
of  the  make  of  fuel  cell  power  packs  in  Taiwan. 

2.  PRINCIPLES  OF  FUEL  CELLS 

Fuel  cells  are  direct  energy  conversion  devices  that  convert  the  chemical  energy  of  fuels  into  electricity  through 
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electrochemical  reactions  without  the  complicated  combustion  and  electromechanical  processes.  Hence,  their 
energy  conversion  efficiency  is  high  and  they  are  relatively  benign  to  the  environment.  Like  batteries,  fuel  cells 
consist  of  two  electrodes  separated  by  an  ion-conducting  electrolyte.  Electrons  and  ions  are  generated  by 
electrochemical  reactions  on  one  of  the  electrodes.  Electrons  are  conducted  through  an  external  conduit  and 
ions  flow  through  the  electrolyte,  both  destine  to  the  opposite  electrode  where  they  are  combined,  thus 
completing  the  oxidation-reduction  process.  But  unlike  batteries,  these  electrons  and  ions  are  continuously 
generated  as  long  as  fuel  is  continuously  fed,  hence  the  power  generating  and  energy  storage  mechanisms  are 
separated,  as  mentioned  above.  To  date,  five  major  types  of  fuel  cells  are  developed.  Their  materials  of 
construction  and  the  operating  conditions  are  different  and  thus  find  different  applications.  Tables  1  and  2 
summarize  the  characteristics  and  the  major  application  of  these  fuel  cells. 


Table  1;  Characteristics  and  Applications  of  Various  Types  of  Fuel  Cells 


TYPE 

Alkaline 

(AFC) 

Proton 

Exchange 

Membrane 

(PEMFC) 

Phosphoric  Acid 
(PAFC) 

Molten 

Carbonate 

(MCFC) 

Solid  Oxide 
(SOFC) 

Electrolyte 

Potassium 

hydroxide 

Polymer 

Phosphoric  acid 

Molten 

carbonate 

Stabilized 

zirconia 

Anode 

Pt/C 

Pt/C 

Ni/Cr  A1 

NiZr 

Pt/C 

Charge  Carrier 

OH~ 

H^ 

c6^- 

02^- 

H^ 

<  0.97  V 

<  0.80  V 

<  0.85  V 

<  0.90  V 

<  0.80  V 

Cell  Material 

Carbon 

Carbon 

Steel 

Ceramic 

Operating  Temp 

60  ~ 100  "C 

80  -  100  'C 

180- 200 ‘C 

-  650  °C 

-  1000  ‘C 

Working 

Pressure 

<  4  atm 

<  2  atm 

<  8  atm 

<  8  atm 

Atmospheric 

-60% 

-  60  % 

34  -  45  % 

45  -  60  % 

>50% 

Reactant 

H2/O2 

H2/O2 

H2/O2 

wmmssmm 

H,./02 

Raw  Fuel  or 
Fuel 

Treatment 

System 

Pure  hydrogen 
only 

Pure  hydrogen, 
methanol 

Natural  gas, 
LPG, 
Methanol, 
naphtha  and 
light  oil 

Natural  gas, 
LPG, 

methanol,  coal 

and  petroleum 

gas 

Natural  gas, 
LPG, 

methanol,  coal 

and  petroleum 

gas 

Major  Potential 
Applications 

Space, 

transportation 

Space, 

transportation 

Cogeneration, 

Disperse 

electric, 

transportation 

Cogeneration, 

Disperse 
electric. 
Central  power 

Cogeneration, 

Disperse 
electric. 
Central  power 

Development 

Status 

80  kW 

10  kW 

11  MW 

2  MW 

100  kW 

Expected 
Commercial  Use 

Hydrogen 
energy  era 

after  2000 

in  1990s 

around  2000 

after  2000 

Among  the  five  major  types  of  fuel  cells,  alkaline  fuel  cells  are  the  most  matured  and  is  routinely  used  in  space 
missions  at  present.  However,  their  use  in  terrestrial  applications  are,  at  the  very  least  not  convenient,  as  carbon 
dioxide  in  the  air  will  neutralize  the  alkaline  electrolyte  and  finally  causing  the  failure  of  power  generation.  As 
can  be  seen  later,  most  hydrogen  is  generated  from  fossil  fuels  currently,  where  carbon  dioxide  is  inevitably 
produced  as  byproducts.  Hence,  using  this  kind  of  fuel  cells  would  require  additional  procedure  to  treat  the 
carbon  dioxide  both  in  the  fuel  gas  as  well  as  in  the  oxidant.  Phosphoric  acid  fuel  cells  on  the  other  hand,  are 
the  most  developed  fuel  cells  used  in  terrestrial  power  plants.  However,  because  of  the  relative  low  power 
density  as  well  as  the  amount  of  platinum  used,  this  kind  of  fuel  cells  is  not  anticipated  to  be  used  as  power 
generators  in  medium  or  large  power  plants.  In  addition,  carbon  monoxide,  which  reduces  the  performance  of 
power  generation  in  this  kind  of  fuel  cells,  is  also  produced  along  with  hydrogen  generated  from  fossil  fuels 
such  as  coal,  petroleum  or  natural  gas.  This  concern  limits  the  use  of  phosphoric  acid  fuel  cells  as  the  power 
generators  for  centralized  power  plants.  Molten  carbonate  and  solid  oxide  fuel  cells  are  intrinsically  more 
adaptable  to  fuel  gases  from  coal,  petroleum  or  natural  gas  because  of  their  material  of  construction  as  well  as 
the  operating  temperature,  and  are  thus  more  likely  to  replace  the  large  thermal  power  plants  in  the  future.  The 
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high  operation  temperature  also  makes  these  fuel  cells  good  candidates  for  cogeneration  of  both  electricity  and 
heat.  However,  because  of  tremendous  problems  associated,  these  fuel  cells  technologies  are  far  from 
practicality  at  this  stage. 


Table  2.  Comparison  of  Applications  of  Different  Kinds  of  Fuel  Cells 


POWER 

PLANT 

TYPES 

UTILIZATION 

CAPACITY 

AFC 

PEMFC 

PAFC 

MCFC 

SOFC 

Centralized 

Based  Load 

300  -  900  MW 

X 

X 

X 

0 

0 

Peak  or  Swing  Load 

100  -  300  MW 

X 

A 

A 

0 

o 

Dispersed 

Customer  Site 

10  -  30  MW 

X 

A 

0 

0 

0 

On-site 

Factory 

(By-product  Gas  and 
Cogeneration) 

100  -  10,000  kW 

X 

A 

0 

0 

0 

Community 

(Cogeneration) 

500  -  10,000  kW 

X 

A 

0 

A 

A 

Commercial  Buildings 
(Hotels  and  Hospitals) 

50-  1,000  kW 

X 

A 

0 

X 

A 

Space 

Rockets 

and  Space  Shuttle 

5  -  50  kW 

0 

O 

X 

X 

X 

O  applicable;  A  marginal;  X  inappropriate 


The  low  operating  temperature  and  high  power  density  makes  PEM  fuel  cells  the  prime  candidate  for 
automobile  application  for  quick  startup  and  compactness.  However,  the  low  operating  temperature  also  favors 
the  undesired  bonding  of  carbon  monoxide  to  the  catalyst  platinum,  which  in  turn  tempers  the  performance  on 
power  generation.  Hence,  until  there  is  improvement  of  this  tolerance  of  carbon  monoxide,  and  in  the  method  of 
producing  hydrogen  for  quick  response  in  variation  of  quantity  needed,  the  pure  hydrogen  presently  used  is  of 
limited  popularity  in  large  scale  applications.  On  the  other  hand,  using  pure  hydrogen  stored  in  cylinders  with 
or  without  hydrogen  adsorption  materials,  fuel  cell  power  packs  can  replace  rechargeable  batteries  as  mentioned 
above.  The  challenge  now  lies  in  searching  more  efficient  method  of  hydrogen  storage  that  the  energy  density 
of  the  fuel  cell  power  packs  can  be  extended  to  compete  for  the  vast  market  of  rechargeable  batteries  currently 
in  use. 


3.  HYDROGEN  AS  AN  ENERGY  CARRIER 

Strictly  speaking,  hydrogen  is  not  an  energy  source,  but  acts  as  an  energy  carrier.  As  in  the  case  of  carbon  in  die 
carbon-energy  cycle,  hydrogen  combines  with  oxygen  to  form  water  in  the  case  of  combustion,  thus  releasing 
energy  in  the  form  of  heat.  Alternatively,  hydrogen  may  be  passed  into  the  anodes  of  phosphoric  acid  or  PEM 
fuel  cells,  and  together  with  oxygen  in  the  cathodes,  the  chemical  energy  in  hydrogen  turns  into  electricity 
directly  through  electrochemical  reactions  with  high  conversion  efficiency  and  low  intrusion  to  die 
environments.  The  research  in  hydrogen  used  as  energy  is  usually  categorized  into  production,  storage/handling 
and  utilization  [3].  Most  work  has  been  devoted  into  the  production  of  hydrogen  as  an  alternative  energy 
source.  But  in  fact,  equally  important  are  the  latter  two  problems,  which  in  solving  them  will  definitely  prompt 
hydrogen  as  one  of  the  major  constituents  in  the  total  energy  situation. 

Although  much  effort  has  been  focussed  on  developing  future  technology  of  hydrogen  production,  currently 
there  is  a  general  surplus  of  hydrogen  in  the  world  market.  However,  its  price  is  about  three  times  as  much  as 
that  of  natural  gas  per  unit  heating  value.  Most  hydrogen  currently  produced  comes  from  fossil  fuels  such  as 
natural  gas,  oil  or  coal,  or  as  byproducts  of  petrochemical  or  chloro-alkaline  industries,  although  hydrogen  of 
high  purity  is  produced  by  electrolyses  of  water  with  low  energy  conversion  efficiency.  As  fossil  fuels  are 
doomed  to  be  extinct  in  the  future,  this  perhaps  prompts  the  development  of  electrolysis  of  water  using 
electricity  generated  from  alternative  energy  sources  such  as  solar,  OTEC,  wind,  biomass,  etc.  Other  methods 
includes  improvements  on  traditional  method  of  production  of  hydrogen  from  coal  and  partial  oxidation  from  oil 
or  <»as,  as  well  as  advanced  methods  such  as  radiolysis,  thermolysis,  high-temperature  steam-electrolysis,  photo- 
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electrolysis,  catalytic  photolysis,  biophotolysis,  etc  [3]. 


The  general  perception  of  the  public  on  hydrogen  is  clean  but  unsafe  perhaps  because  of  the  impression  left 
from  the  mishap  of  Hindenburg,  the  first  hydrogen  airship.  Given  proper  engineering,  hydrogen  can  be  used  in 
the  same  level  of  safety  comparable  to  other  fuels  such  as  diesel  and  gasoline,  as  reflected  in  the  operation  of 
fuel  cell  buses  in  Vancouver  and  Chicago  currently.  In  fact,  it  is  a  daily  routine  that  hydrogen  is  being 
transported  from  one  place  to  another  in  piping  of  many  chemical  and  petrochemical  plants.  With  less  frequent 
or  stand  alone  usage,  hydrogen  is  usually  stored  and  transported  either  in  pressurized  cylinders  with  or  without 
hydrogen  adsorbing  materials,  or  in  cryogenic  liquid  form  depending  on  the  quantity  in  use.  There  is  an  added 
advantage  of  safety  for  hydrogen  being  stored  in  cylinders  in  the  form  of  metal  hydrides.  Because  the  process 
of  releasing  hydrogen  from  metal  hydrides  is  endothermic  and  the  rate  of  hydrogen  will  be  reduced  as  the 
temperature  is  lowered,  the  risk  of  explosion  in  the  case  of  leakage  is  thus  drastically  reduced.  However,  the 
weight  fraction  of  hydrogen  adsorbed  in  many  metal  hydrides  under  current  development  is  so  low  that  its 
practical  use  is  very  much  limited.  Recently,  light-weighted  materials  that  adsorbs  large  amount  of  hydrogen 
per  unit  weight  such  as  nanofiber  graphite  have  been  developed  [4],  This  raises  the  hope  of  storing  hydrogen 
more  effectively,  and  is  especially  beneficial  to  the  transportation  sector  where  weight  consideration  is  one  of 
the  most  important  concerns. 


4.  FUEL  CELL  POWER  PACKS 
Metal  Hydride  Cartridge  for  Hydrogen  Storage 

The  material  chosen  for  storing  hydrogen  in  this  study  is  an  alloy  composed  of  the  metal  lanthanum  and  nickel 
prepared  by  arc- welding  in  the  ratio  of  32.1  to  67.9  by  weight  giving  the  molecular  formula  LaNij,.  The  bulk 
density  is  8.4  g/cc  and  the  hydride  becomes  LaNisH^  v  after  adsorbing  hydrogen,  giving  a  theoretical  amount  of 
hydrogen  adsorbed  as  1.53  wt  %.  Using  a  Sievert's  type  vacuum  system,  the  P-C-T  diagram  showing  the 
performance  of  hydrogen  adsorption  and  desorption  at  constant  temperature  of  this  metal  hydride  is  shown  in 
Figure  1.  It  can  be  seen  that  the  maximum  value  of  H/M  is  1.09  and  there  is  a  plateau  region  in  the  pressure 
ranging  between  0.2  to  0.5  MPa  (2  to  5  atmospheric  pressure)  where  it  is  the  main  target  for  adsorbing  and 
desorbing  hydrogen  using  this  alloy.  It  is  also  noted  that  there  is  a  hysteresis  of  pressure  during  hydrogen 
adsorption  and  desorption  processes.  Hence,  hydrogen  can  be  filled  under  the  pressure  of  about  6  atm  and 
released  at  around  1  to  2.5  atm.  Details  of  this  experimentation  can  be  found  elsewhere  [5]. 
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It  is  seen  that  hydrogen  adsorption  is  an  exothermic  process  while  desorption  is  an  endothermic  one  and  the 
flow  rate  and  pressure  of  these  processes  is  very  sensitive  to  the  temperature  of  operation.  Hence,  different 
metals  including  aluminum  and  copper  were  tested  to  be  used  as  the  material  for  holding  the  metal  hydrides. 
Aluminum  is  chosen  for  its  light  weight,  good  heat  transfer  characteristics  and  its  ease  of  fabrication  while 
copper  for  its  excellent  heat  conductive  quality.  Experiments  of  releasing  hydrogen  from  these  c^idges  were 
performed  in  the  air  at  ambient  temperature  of  approximately  20  °C,  and  at  40  °C  in  water  bath.  BoA  hydrogen 
flow  rate  and  the  pressure  of  the  cartridge  were  measured  at  regular  time  intervals  and  the  results  of  the  copper 
cartridge  are  summarized  in  Figures  2  and  3.  It  is  seen  that  the  results  of  aluminum  and  copper  cartridges  are 
similar  and  the  hydrogen  flow  rate  is  drastically  reduced  when  hydrogen  is  released  in  the  air  at  the  relative  low 
ambient  temperature  compared  to  that  released  in  water  bath  at  elevated  temperature.  This  preliminary  result 
shows  that  the  heat  transfer  problem  is  worth  further  investigation  for  better  designing  the  hydrogen  storage 
system  in  the  fuel  cell  power  packs. 

Experimentation  on  Prototypes  r  n  u  i  i 

It  can  be  seen  in  Figures  2  and  3  that  the  cartridge  pressure  is  very  close  to  atmosphenc  and  even  falls  below  1 
atm  when  operated  at  elevated  temperature.  Hence,  the  metal  hydrides  used  in  commercial  hydrogen  storage 
cartridges  are  usually  in  the  form  of  AB2  where  the  operating  pressure  is  in  the  range  of  5  to  7  atm  for  easier 
flow  of  hydrogen  in  the  channels  of  fuel  cell  stacks.  With  an  aluminum  cartridge  of  5  cm  m  diameter  and  13.5 
cm  in  length  weighing  953  g  including  the  metal  hydride  inside,  the  whole  package  is  approximately  21  cm  x  B 
cm  X  33  cm  totaling  a  volume  close  to  9  liters  and  weighs  approximately  3.8  kg.  The  hydrogen  flows  from  the 
cartridc^e  to  the  input  of  fuel  cell  stack  where  its  outlet  is  shut  for  reasons  of  economizing  hydrogen  utilization 
and  safety  Using  an  electronic  load  and  with  a  fan  force  feeding  air  into  the  cathodes,  the  package  delivered  a 
net  output  of  36  Wh  operated  at  a  constant  voltage  of  10.8  v  while  the  gross  output  is  estimated  to  be  41.5  Wfr 
Figure  4  shows  the  power  of  this  fuel  cell  power  pack  delivered  at  constant  voltage  for  close  to  180  minutes  of 
operation.  Hence  the  specific  energy  is  calculated  as  10.8  Wh/kg  and  the  energy  density  being  4  Wh/1.  It  is 
interesting  to  note  that  this  fuel  cell  power  pack  is  able  to  power  a  notebook  personal  computer  for  a  maximum 
of  90  minutes  of  continuous  operation. 
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Figure  4.  Power  delivered  from  a  fuel  cell  power  pack  at  constant  voltage  of  10.8  v. 

Using  two  similar  cartridges  to  operate  an  improved  prototype  fuel  cell  stack,  a  total  of  650  minutes  of  power 
was  generated  under  similar  condition  of  10.8  v.  With  improved  packaging,  the  system  is  about  18  cm  x  15  cm 
X  24.5  cm  totaling  a  volume  of  approximately  6.6  liters  and  weighs  approximately  5  kg.  A  total  of  net  123  Wh 
of  energy  was  delivered  yielding  a  specific  energy  of  24.5  Wh/kg  and  an  energy  density  of  18.6  Wh/1.  It  can  be 
seen  that  the  time  of  operation  is  markedly  increased  with  even  more  improvement  on  the  energy  density. 
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5.  CONCLUSIONS 


1.  The  principles  of  fuel  cells  have  been  successfully  demonstrated  both  in  space  and  in  terrestrial 
applications.  Different  fuel  cells  find  their  respective  applications  according  to  their  operating  conditions 
and  materials  of  construction.  Because  of  their  high  power  density  and  low  operating  temperature,  PEM 
fuel  cells  are  particularly  attractive  in  mobile  applications. 

2.  Unlike  rechargeable  batteries,  the  power  generation  and  energy  storage  mechanisms  are  separate  in  the  fuel 
cell  power  packs,  which  makes  them  possible  for  extended  life  of  usage  and  less  time  of  recharge. 

3.  Although  proven  in  principles,  much  research  has  to  be  done  for  better  design  the  fuel  cell  power  packs  in 
raising  their  energy  density. 
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ABSTRACT.  Recent  development  of  direct  methanol  fuel  cells  operating  at  elevated  temperatures  are 
reviewed  emphasizing  research  on  membranes  which  are  suitable  for  high  temperature  conditions.  Current 
research  on  this  topic  in  our  laboratory  is  also  described.  The  most  important  result  is  the  development  of  a 
family  of  proton  conducting  membranes  based  on  polyphosphazane  polymers.  Experimental  work  has  been 
conducted  to  characterize  these  membranes,  in  particularly,  in  terms  of  conductivity  and  methanol  crossover.  It 
was  found  that  polyphosphazane  membranes  can  have  much  smaller  methanol  cross-over  than  Nafion  1 17. 

1.  DIRECT  METHANOL  FUEL  CELLS 

Direct  methanol  fuel  cells  present  an  attractive  alternative  to  hydrogen  systems  as  high  energy  density  electric 
power  sources  for  portable  and  transportation  applications.  The  motivation  to  develop  a  direct  methanol  fuel  cell 
is  mainly  based  on  three  reasons:  1)  methanol  can  be  more  easily  and  safely  transported,  handled  and  stored  than 
hydrogen;  2)  direct  methanol  systems  are  more  compact  and  lighter  than  H2/O2  fuel  cells;  3)  the  current 
infrastructure  built  for  gasoline  can  be  used  for  methanol.  In  the  case  of  H2/O2  fuel  cell  [1,  2,  3],  the  cell  reaction 


can  be  divided  into  two  parts:  a  cathode  reaction  and  an  anode  reaction  as  follows: 

cathode:  O2  +  4H'^  +  4e“  2H2O  (1) 

anode:  2H2  — >  4H'’’  +  4e"  (2) 

overall  reaction:  2H2  -1-  O2  2H2O  +  Electrical  Power  (3) 

For  a  direct  methanol  fuel  cell,  methanol  is  oxidized  at  the  anode  producing  CO2  and  the  hydrogen  ion: 

CH3OH  -f  H2O  -»C02  6H*  -h  6e-  (4) 


The  direct  methanol  fuel  cell  assembly  consist  of  two  electrodes,  two  electrocatalysts,  and  an  ion  exchange 
membrane.  The  membrane  serves  three  purposes:  (1)  separation  of  two  half  cells,  (2)  support  for  the 
electrocatalyst,  and  (3)  as  an  electrolyte.  There  are  two  technical  obstacles  impeding  the  development  of  direct 
methanol  fuel  cells.  The  first  one  is  the  non-availability  of  a  less  costly,  but  sufficiently  active,  anodic 
electrocatalyst  as  an  alternative  to  the  most  commonly  used  Pt-Ru  alloy.  The  second  problem  is  that  the 
membranes  that  are  being  currently  employed,  such  as  Nafion,  have  a  substantial  methanol  crossover.  If 
methanol  diffuses  across  the  membrane  and  arrives  readily  at  the  cathode  it  seriously  decreases  the  cathode 
performance,  and  hence,  decreases  the  overall  fuel  cell  efficiency.  The  crossover  reaction  is  given  by: 

CH30H  +  3/2  02-^C02+2H20  (5) 

Because  the  crossover  reaction  competes  with  the  oxygen  reduction  reaction  (1)  at  cathode,  the  rate  of  the 
crossover  reaction  is  equivalent  to  the  loss  of  current  density. 
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To  overcome  the  first  problem,  Savinell  et  al.  [4]  proposed  to  increase  the  cell  operating  temperature  up  to 
200°C.  Operating  a  fuel  cell  at  elevated  temperatures  can  accelerate  the  electrochemical  reactions  and  depress 
the  electrode  poisoning.  Thus,  the  quantity  of  precious  alloys  such  as  Pt/Ru  loaded  on  the  electrodes  can  be 
reduced  or  nonprecious  alloys  can  be  used  instead  of  Pt/Ru  alloy. 

Zelenay  et  al.  [5]  and  Ren  et  al.  [6]  at  Los  Alamos  National  Laboratory  investigated  raising  the  temperature  of 
direct  methanol  fuel  cells  with  Nafion  membranes.  They  tested  the  fuel  cells  at  temperatures  up  to  100  C  and 
found  improved  performance  of  the  fuel  cells  due  to  high  operation  temperatures.  However,  it  has  been  found 
that  perfluorosulfonic  acid  polymer  electrolytes,  such  as  Nafion,  lose  conductivity  and  mechanical  strength  at 
temperatures  higher  than  lOO^C.  In  addition,  the  methanol  crossover  of  Nafion  membranes  increases  with 
temperature  [4, 7]  offsetting  the  benefit  of  elevated  temperature  in  terms  of  faster  electrochemical  kinetics. 

The  conductivity  of  Nafion  membranes,  used  in  fuel  cells,  depends  on  the  presence  of  water  to  solvate  the 
protons  generated  by  the  ionization  of  the  sulfonic  acid  group.  Thus,  permeation  of  water  and  methanol  is 
inherent  for  these  membranes.  Moreover,  when  these  membranes  are  at  temperatures  above  100  C  and  at 
atmospheric  pressure,  significant  dehydration  occurs  and  the  membrane  conductance  decreases  significantly. 
Wainright  et  al.  [8]  and  Wang  et  al.  [9]  proposed  to  use  polybenzimidazoles  (PBI)  as  proton  conducting 
membranes  in  fuel  cells.  They  found  that  PBI  membranes  are  thermally  stable  at  temperatures  higher  than 
200°C  [9]  and  were  not  permeable  to  water  and  much  less  permeable  to  methanol  than  Nafion  [8,  9,  10, 11,  12]. 
In  contrast  to  Nafion,  the  conductivity  of  the  PBI  membranes  increased  with  increasing  temperature  [8].  Fuel 
cells  were  operated  at  elevated  temperatures  up  to  200°C  and  atmospheric  pressure  demonstrating  significant 
increase  in  the  power  output.  The  authors  also  explored  the  use  of  ethanol,  1 -propanol,  2-propanol,  and 
trimethoxymethane  as  alternative  fuels  to  methanol  [13,  14].  However,  there  are  other  polymer  materials  that 
could  he  better  than  PBI  in  terms  of  thermal  stability,  mechanic  strength,  production  cost,  high  temperature 
conductivity,  and  methanol  crossover. 

2.  POLYPHOSPHAZENE  MEMBRANES 

We  have  synthesized  and  developed  new  proton  transport  membranes  based  on  an  advanced  polymer  system, 
the  polyphosphazenes.  Polyphosphazenes  are  macromolecules  with  the  basic  structure  shown  in  1,  in  which  the 
backbone  contains  alternating  phosphorous  and  nitrogen  atoms,  with  two  side  groups  (R)  attached  to  every 
phosphorus. 


1 


More  than  700  different  polyphosphazenes  are  known  with  different  R  groups  and  with  different  combinations 
of  side  groups  linked  to  the  polymer  chain.  Certain  underlying  attributes  are  associated  with  the  inorganic 
backbone,  especially  oxidative,  reductive,  thermal,  and  general  chemical  stability,  resistance  to  high  energy 
radiation,’and  materials  toughness  or  flexibility.  Moreover,  different  side  groups  alter  the  properties  over  a  wide 
range  and  allow  both  molecular  and  materials  characteristics  to  be  tuned  to  generate  specific  combinations  of 
properties.  In  this  respect,  polyphosphazenes  have  many  advantages  over  the  classical  organic  polymers  [15-17]. 

Although  fluorinated  side  groups  attached  to  an  organic  polymer  backbone  provide  good  thermal  stability,  the 
strongly  hydrophobic  nature  of  organo-fluorine  groups  favors  dehydration  of  the  membranes  at  temperatures 
somewhere  above  80°C.  The  use  of  polyphosphazenes  for  proton  conduction  allows  the  materials  microstructure 
to  be  tailored  in  order  to  stabilize  water  within  the  polymer  framework.  This  should  allow  the  membranes  to  be 
used  at  temperatures  above  100°C  and  perhaps  as  high  as  200°C. 

Incorporation  of  inorganic  elements  into  a  polymer  backbone  increases  the  thermo  -oxidative  and  -reductive 
stability.  Thermogravimetric  analysis  results  have  shown  that  a  variety  of  pol>phosphazenes  are  thermally 
stable  at  temperatures  above  200°C  [18].  Based  on  these  data,  a  polyphosphazene  proton-conducting  membrane 
should  be  able  to  withstand  temperatures  in  excess  of  200°C  for  long  periods  of  time.  Operation  at  temperatures 
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this  high  may  allow  the  use  of  unreformed  fuels,  such  as  methanol.  Polyphosphazenes  also  have  an  impressive 
resistance  to  free  radical  breakdown  because  the  P-N  bond  energy  is  significantly  higher  than  the  C-C  bond 
energy  in  organic  polymers  and  the  P-N  bond  resists  homolytic  cleavage  into  free  radicals. 

In  addition  to  the  advantages  provided  by  the  inorganic  backbone,  other  attributes  can  be  designed  into  the 
polymers  by  the  judicious  choice  of  different  side  groups.  Variations  in  the  types  and  combinations  of  different 
side  groups  allow  the  system  to  be  tuned  to  optimize  crystallinity  or  amorphous  character,  elasticity  or  rigidity, 
hydrophilicity,  hydrophobicity,  ion  conduction,  and  the  domain  structure  of  the  material.  The  balance  of 
hydrophobic  and  hydrophilic  character  (i.e.,  the  amphilicity)  of  the  polymer  can  be  easily  tailored  easily  by 
variations  in  the  ratios  of  hydrophilic  and  hydrophobic  cosubstituent  groups.  Moreover,  the  choice  of  specific 
side  groups  can  lead  to  a  polymer  that  undergoes  ionic  clustering.  These  hydrophilic  ionic  aggregation  domains 
will  retain  water  molecules.  The  hydrophobic  groups  will  also  tend  to  separate  into  domains  and  will  provide 
overall  physical  and  thermal  stability. 

One  of  the  strengths  of  the  polyphosphazenes  is  the  ease  with  which  a  wide  variety  of  side  groups  can  be 
incorporated  into  the  structure.  This  is  accomplished  by  a  macromolecular  substitution  process  based  on  a 
reactive  polymeric  intermediate,  poly(dichlorophosphazene).  Replacement  of  the  chlorine  atoms  in  the 
intermediate  by  organic  groups  generate  a  broad  range  of  structures.  Cosubstitution  to  introduce  two  or  more 
different  side  groups  allows  the  properties  of  these  polymers  to  be  fine-tuned  for  many  different  applications. 

The  methods  of  synthesis  and  post-synthesis  modification  available  for  polyphosphazenes  also  allow  high 
loadings  of  acidic  units  throughout  the  polymeric  material.  This  is  an  important  advantage  over  polymers  that 
are,  for  example,  sulfonated  only  on  the  surface  of  particles  or  inside  the  pores. 

3.  MEMBRANE  CHARACTERIZATION 


Conductivity  Measurements. 

As  shown  in  Figure  1,  the  system  for  measuring  the  ionic  conductivity  of  polymeric  membranes  employs  two 
external,  potential  sensing  AgjAgCl  electrodes  connected  to  the  methanol  aqueous  solution  containing  chlorides, 
such  as  HCl,  NaCl,  KCl,  and  LiCl.  The  capillaries  of  the  salt  bridges  were  made  from  very  fine  PTFE  tubes.  The 
influence  of  the  capillaries  on  the  distribution  of  current  density  in  the  conductivity  cell  was  negligible.  One  end 
of  each  of  these  two  capillaries  was  placed  as  close  as  possible  to  the  surfaces  of  the  membrane  to  minimize  the 
error  due  to  the  IR  drop.  It  was  found  that  the  fluctuation  and  drift  of  the  potential  drop  between  the  two  external 
electrodes  was  less  than  one-thousandth  of  the  average  value.  It  was  found  that  the  conductivity  values 
measured  in  different  solutions  were  different  but  they  were  of  the  same  order  of  magnitude.  Since  we  always 
wanted  to  compare  the  conductivity  of  the  polyphosphazane  membranes  with  Nafion  membranes,  we  were 
seeking  the  conductivity  values  of  polyphosphazane  membranes  with  respect  to  the  conductivity  of  Nafion, 
rather  than  the  absolute  values. 

The  first  obtained  results  for  seven  differently  prepared  aryloxyphosphazenes  are  summarized  in  Table  1.  The 
ionic  conductivities  of  these  membranes  were  either  very  close  to  or  slightly  lower  than  that  of  a  Nafion  117 
membrane.  The  ionic  conductivity  of  the  Nafion  1 17  film  was  found  to  be  0.01 10  S/cm,  which  was  within  the 
range  of  published  values  by  other  groups,  i.e.  from  1x10'^  to  lO'*  S/cm 

Methanol  Crossover  Evaluation. 

Methanol  crossover  in  polymeric  membranes  was  evaluated  with  a  specially  designed,  closed- volume  vacuum 
cell  (Figure  2).  The  cell  was  separated  by  the  polymeric  membrane  to  be  tested  in  two  chambers.  The  upper 
chamber  was  filled  with  air  or  a  mixture  of  methanol  and  de-ionized  water.  The  lower  chamber  was  then  held 
evacuated  at  the  beginning  of  an  experiment.  The  pressure  in  the  vacuum  chamber  was  monitored  using  a 
pressure  transducer.  To  distinguish  methanol  crossover  from  water  crossover,  it  is  required  to  set  the  initial 
vacuum  pressure  between  the  vapor  pressure  of  water  and  the  vapor  pressure  of  methanol.  Thus,  if  there  is 
methanol  crossover,  the  pressure  in  the  vacuum  chamber  increases.  If,  however,  there  is  only  water  crossover, 
the  water  must  exist  in  the  form  of  liquid  and  hence  the  water  crossover  will  not  lead  to  pressure  increase.  The 
tests  were  started  with  the  upper  chamber  being  filled  with  air.  If  the  pressure  of  the  vacuum  chamber  did  not 
increase  and  hence  a  sealing  free  of  leakage  was  assured,  a  mixture  of  methanol  and  water  was  injected  into  the 
upper  chamber. 
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galvanostat 


epoxy  plastic  cell 

Figure  1.  Schematic  of  the  electrochemical  ceU  for  measuring  proton  conductivity  of  polymeric 
membranes 

Assuming  that  the  vapor  of  methanol  is  an  ideal  gas,  the  relationship  between  the  rate  of  methanol  entering  the 
vacuum  chamber  from  the  upper  chamber  and  the  pressure  increase  can  be  expressed  as: 

(6) 

dt  RT  dt 

where  n  is  the  amount  of  methanol  vapor  (in  moles),  Vq  is  the  volume  of  the  lower  chamber,  R  is  the  gas 
constant,  and  p  is  the  pressure  in  the  initially-evacuated  chamber.  Typical  methanol  crossover  measurements 
are  presented  in  Figure  3.  The  data  show  that  the  average  methanol  crossover  rate  of  the  best  polyphosphazene 
membrane  is  less  than  10%  of  that  of  the  Nafion  1 17  membrane. 

Table  1.  Conductivities  of  Polyphosphazene  Membranes  Compared  to  the  Conductivity  of  Acommercial 


Nafion  117  Membrane. 


Membrane  Code 

Ionic  conductivity  (S/cm) 

Ionic  Conductivity  of  Nafion  117  (S/cm) 

Polyphosphazane  I 

3.27x10'^ 

Polyphosphazane  II 

4.34x10'^ 

Polyphosphazane  III 

2.29x10'^ 

Polyphosphazane  IV 

3.76x10'^ 

1.10x10 

Polyphosphazane  V 

1.36x10'^ 

Polyphosphazane  VI 

1.63x10-^ 

Polyphosphazane  VII 

6.79x10'^ 
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Figure  2.  Schematic  of  the  experimental  system  for  measuring  methanol  crossover. 
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Figure  3.  Methanol  crossover  of  a  Naflon  117  membrane  and  polyphosphazene  membranes  as  indicated 
by  pressure  increase  in  a  vacuum  chamber  that  was  separated  from  air  or  methanol  solution 
hy  these  membranes:  Nafion:  h(thickness)  =  0.029  cm,  Polyphosphazene-I:  h  =  0.030  cm, 
Polyphosphazene-II:  h  =  0.022  cm,  Polyphosphazene-III:  h=0.030  cm,  Polyphosphazene-IV:  h 
=  0.025  cm. 

4.  DISCUSSION 


We  are  exploring  to  employ  the  recently  synthesized  and  evaluated  proton-conducting  membranes  for  direct- 
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methanol  fuel  cells.  Current  membranes  based  on  Nafion  have  upper  temperatures  of  operation  of  about  80°C. 
At  higher  temperatures,  the  assembled  membranes  dehydrate,  resulting  in  a  substantial  increase  in  resistivity  and 
loss  of  mechanical  stability.  Moreover,  Nafion  membranes  have  an  unacceptable  permeability  to  methanol.  In 
this  work,  we  are  using  acidic  polymers  based  on  the  polyphosphazene  system,  that  will  allow  fuel  cell 
operation  at  elevated  temperatures  up  to  200°C.  These  polymers  can  be  used  because  of  the  thermo-oxidative 
and  reductive  stability  of  the  phosphorus-nitrogen  backbone,  and  because  of  the  ability  of  this  system  to  permit 
large  or  subtle  changes  to  be  made  in  side  group  structure  in  order  to  optimize  membrane  properties.  The 
rationale  for  exploring  the  higher  temperature  regime  (100-200°C)  is  that:  (1)  Faster  reaction  rates  may 
decrease  or  even  eliminate  the  need  for  noble  metal  catalysts,  and  may  yield  greater  tolerance  to  CO  poisoning 
at  the  anode,  (2)  higher  proton  mobility  will  decrease  the  membrane  resistivity,  and  (3)  higher  temperatures  will 
enhance  the  prospects  for  developing  direct-fueled  fuel  cells  (i.e.,  cells  that  do  not  require  the  reforming  of  fuel 
to  hydrogen).  The  principal  challenges  include  the  design  and  synthesis  of  polymer  assemblies  that  are 
thermally  and  electrochemically  stable  at  elevated  temperatures  and  at  the  minimization  of  fuel  (e.g.,  methanol) 
carry-over.  The  developed  electrochemical  systems  allow  us  to  measure  the  electrochemical  properties  (i.e., 
current-voltage  curve,  proton  conductivity,  and  methanol  crossover)  of  the  above  membranes  at  elevated 
temperatures. 
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ABSTRACT.  In  a  previous  paper,  a  kind  of  solid  oxide  fuel  cell  combined  cycle — SOFC  power  generation 
system  with  chemical  looping  combustor  (CL-FCCC)  has  been  studied.  This  cycle  is  made  up  of  chemical 
looping  combustor,  solid  oxide  fuel  cell,  intercooling  compressors,  gas  turbine,  steam  turbine,  HRSG,  and  other 
auxiliary  facilities.  The  key  difference  between  other  SOFC  power  systems  and  this  one  is  the  adoption  of 
chemical  looping  combustor  which  can  help  to  increase  system’s  average  temperature  and  pressure  while 
provides  energy  for  fuel  and  air  preheating  in  the  same  time.  But  this  configuration  might  not  be  the  best  one.  So 
an  optimization  both  of  flowsheet  and  parameters  was  initiated  in  order  to  improve  the  performance  of  CL- 
FCCC.  Both  optimal  flowsheet  and  fundamental  parameters  can  be  obtained  by  doing  non-linear  optimization  of 
a  more  comprehensive  system.  The  results  achieved  up  to  now  are  presented  in  the  following. 

1.  INTRODUCTION 

In  order  to  solve  the  problem  caused  by  the  fossil  fuel  power  plants  radically,  it  is  important  to  carry  out  studies 
on  clean  fuel.  As  an  efficient,  clean  and  renewable  fuel,  hydrogen  energy  is  a  prospective  alternative  to 
traditional  fossil  fuel. 

Fuel  cell,  which  is  expected  as  on  site  power  generating  device  in  the  future,  provides  a  new  way  to  hydrogen 
utilization[  1,2,3].  It  has  many  features,  such  as  high  energy  conversion  efficiency,  low  noise  and  vibration 
levels,  modular  structure,  etc.,  that  make  it  attractive  for  utility  and  industrial  applications.  A  great  deal  of 
research  is  currently  being  undertaken  to  develop  high  temperature  fuel  cell  for  large  scale  power  generation. 
Solid  oxide  fuel  cell  operates  at  high  temperature  and  consequently  the  heat  produced  is  useful  for  additional 
production  for  electricity  by  a  turbine  generator.  But  on  the  other  hand,  its  operation  temperature  is  high  (SOFC: 
~1000°C),  which  means  reactants  of  anode  and  cathode  should  be  preheated  to  high  temperature. 

With  the  adoption  of  chemical  looping  combustor[4],  one  kind  of  solid  oxide  fuel  cell  power  generation  system 
“Solid  Oxide  Fuel  Cell  Power  Generation  System  with  Chemical  Looping  Combustor  (CL-FCCC)”  can  be 
constructed[5].  In  chemical  looping  combustor,  fuel  and  air  go  through  different  reactors  without  flame,  which 
makes  it  convenient  to  connect  with  SOFC.  Also  the  nitrogen  oxide  formation  can  be  effectively  suppressed. 
This  system  is  made  up  of  chemical  looping  combustor,  solid  oxide  fuel  cell,  intercooling  compressors,  gas 
turbine,  steam  turbine,  HRSG,  and  other  auxiliary  facilities.  The  key  difference  between  other  SOFC  power 
systems  and  this  one  is  that  in  this  new  cycle,  fuel  and  oxidizer  of  fuel  cell  are  preheated  to  SOFC  working 
temperature  by  chemical  looping  combustor.  Due  to  the  limitation  of  material,  the  maximum  working 
temperature  of  solid  oxide  fuel  cell  is  about  1273K,  which  restricts  the  increase  of  system’s  average  temperature 
and  pressure.  On  the  other  hand,  the  inlet  temperature  of  gas  turbine  has  exceeded  1400°C.  Chemical  looping 
combustor  is  capable  of  working  at  very  high  temperature.  Thus  when  it  is  set  in  front  of  solid  oxide  fuel  cell, 
the  hot  fluid  at  high  temperature  and  pressure  can  be  expanded  through  a  topping  gas  turbine  and  then  flows  into 
solid  oxide  fuel  cell.  Chemical  looping  combustor  accompanied  with  a  topping  gas  turbine  can  be  taken  as  an 
additional  topping  cycle,  which  can  help  to  increase  system’s  average  temperature  and  pressure  while  provides 
energy  for  fuel  and  air  preheating  in  the  same  time.  A  theoretical  efficiency  0.62  is  achieved  for  this  cycle  when 
fuel  cell  is  operated  at  lOOOK  and  air  is  used  as  oxidizer. 

However,  it  was  felt  that  this  configuration  might  not  be  the  best  one.  The  operation  parameters  of  chemical 
looping  combustor  are  highly  dependent  on  fuel  cell  operation  parameters,  which  hinder  further  increase  of 
thermal  efficiency.  So  a  more  comprehensive  flowsheet  is  proposed.  It  contains  more  possible  structures  and  its 
parameters  that  can  be  varied  more  freely.  An  optimization  both  of  flowsheet  and  parameters  was  initiated  in 
order  to  improve  the  performance  of  CL-FCCC.  The  results  achieved  up  to  now  are  presented  in  the  following. 
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2.  CYCLE  PRESENTATION 


The  proposed  flowsheet  schematic  (System  A)  is  shown  in  figure  1.  In  the  previous  system  (Base  cycle  [5] ),  fte 
hydrogen  and  air  are  heated  to  fuel  cell  operation  temperature  entirely  by  chemical  looping  combustor.  This 
might  be  a  restriction  of  further  efficiency  increase.  So  a  series  of  heat  exchangers  HE-Hl,  HE-H2,  HE-Al, 
HE-A2  (dotted  rectangles)are  included  into  CL-FCCC[5]  to  form  system  A.  Fuel  and  air  in  this  system  are 
preheated  both  by  chemical  looping  combustor  and  by  heat  exchangers. 

In  figure  1,  the  symbol  “[X]”  represents  mass  flow  fraction.  “(X,Y)  stands  for  pressure  and  temperature 
respectively  (X)  means  temperature.  Do  adjustment  on  flow  chart  and  parameters  to  determine  the  optimal 
system’s  configuration  and  parameters.  If  the  value  of  one  branch  can  be  neglected,  it  is  reasonable  to  cut  this 
branch  from  system  A.  For  example,  if  optimal  results  show  that  [a]=[b]=[c]=[d]=0  and  [e]=[f]=l,  then  optimal 
system  becomes  the  cycle  in  reference[5].  With  optimization  of  flowsheet  and  parameters,  the  cycle 
performance  is  expected  to  be  improved. 

In  system  A,  hydrogen  at  ambient  state  is  compressed  up  to  fuel  cell  operation  pressure  (PFC)  and  then  divided 
into  two  parts.  One  part  flows  into  chemical  looping  combustor.  Another  part  flows  into  two  heat 
exchangers(HE-Hl  and  HE-H2),  in  which  it  is  heated  up  to  high  temperature  (T6).  Air  at  ambient  state  is  also 
divided  into  two  parts.  One  part  is  compressed  up  to  oxidation  reactor  operation  pressure  (P4)  and  enters  into 
oxidation  reactor.  The  other  part  is  heated  to  temperature  T7  in  heat  exchangers  HE-Al  and  HE-A2  connected 
in  series. 

In  the  reduction  reactor  of  chemical  looping  combustor [4],  NiO  reacts  with  the  fuel  stream  (hydrogen).  The 
hydrogen  is  then  oxidized,  and  the  NiO  is  reduced  to  Ni.  The  reduced  solid  Ni  is  then  circulated  to  the  oxidation 
reactor,  where  it  is  contacted  with  air  and  reoxided  to  NiO.  The  regenerated  NiO  is  then  recirculated  towards  the 
reduction  chamber.  Since  the  only  substances  being  circulated  between  the  chambers  are  solids,  the  two  reactors 
can  run  at  different  pressure  and  temperature  determined  by  chemical  kinetics,  mass  and  energy  balance.  A 
series  of  fundamental  experiments  has  been  done  in  reference[4].  The  study  of  reaction  kinetics  demonstrates 
that  NiOA^’SZ  and  Ni0/NiAl204  have  good  properties  with  respective  to  the  reaction  rate,  conversion  and 
physics  strength. 

reduction  reactor:  H2+NiO  — >  H20+Ni 
oxidation  reactor  :  Ni+0.5  O2  — >  NiO 

In  order  to  coordinate  with  fuel  cell,  only  part  of  hydrogen  in  reduction  reactor  reacts  with  NiO  and  the 
operation  pressure  of  oxidation  reactor  is  higher  than  that  of  reduction  reactor,  which  make  the  CL  m  this 
system  different  from  its  original  concept  in  reference[4].  With  heat  released  during  indirect  reaction  of 
hydrogen  and  air,  mixture  of  hydrogen  and  steam  at  temperature  T3  and  pressure  PFC  can  be  obtained  in 
reduction  reactor.  And  in  the  same  time,  mixture  of  oxygen  and  nitrogen  at  higher  temperature  T4  and  pressure 
P4  are  obtained  in  oxidation  reactor.  In  view  of  the  extremely  brittle  nature  of  the  ceramic  materials  used  in 
planar  solid  oxide  fuel  cells,  it  is  impossible  to  operate  the  fuel  cell  with  large  pressure  difference  between  the 
air  and  fuel  channels.  So  the  mixture  of  oxygen  and  nitrogen  at  temperature  T4  and  pressure  P4  will  first 
expanded  through  a  gas  turbine  GT-1,  which  operates  on  the  pressure  difference  between  P4  and  PFC,  and  then 
mixed  with  air  at  temperature  T7  to  reach  fuel  cell  operation  temperature  TFC.  Mixture  of  hydrogen  and  st^m 
at  temperature  T3  is  mixed  with  pure  hydrogen  at  temperature  T6  to  attain  fuel  cell  operation  temperature  TFC. 

So  the  fuel  cell  anode  is  supplied  with  the  mixture  of  hydrogen  and  steam,  which  is  oxidized  with  the  mixture  of 
oxygen  and  nitrogen.  The  fuel  cell  unit  is  built  wi±  arrays  (building  blocks)  each  one  having  N  cells  connected 
in  series  from  the  point  of  view  of  both  the  fuel  /oxidizer  and  the  electric  current.  The  unit  consists  of  L 
branches  connected  in  parallel,  each  branch  having  K  arrays  connected  in  series  from  the  point  of  view  of 
voltage.  Thus  the  required  voltage  and  current  are  obtained. 

Two  parts  of  the  hot  gases  exiting  the  fuel  cell  anode  and  cathode  [a]  and  [b]  are  used  to  heat  hydrogen  and  air 
in  heat  exchanger  HE-Hl  and  HE-Al.  The  left  part  of  exhaust  gases  [e]  will  flow  into  combustion  chamber 
directly  without  releasing  heat.  Due  to  oxidation,  the  content  of  hydrogen  in  anode  exhaust  gas  is  decreased.  For 
the  same  reason,  the  oxidizer  flow  becomes  smaller  along  fuel  cell.  But  there  is  still  hydrogen  and  oxidizer  left 
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in  exhaust  gas.  So  an  auxiliary  combustor  is  placed  in  which  surplus  hydrogen  combusts  with  oxidizer.  The 
hydrogen  oxidation  reaction  is  completed  in  this  conventional  combustion  chamber.  After  combustion,  the  hot 
gases  are  used  to  drive  a  gas  turbine.  The  exhaust  gases  exiting  GT-2  is  also  divided  into  three  parts.  One  part[c] 
is  used  to  heat  hydrogen  in  heat  exchanger  HE-H2.  The  other  part  [d]  provides  the  heat  needed  to  heat  air  in  heat 
exchangers  HE-A2.  The  exhaust  gases  exiting  HE-H2  and  HE-A2  together  with  the  left  part  [f]  of  exhaust  gases 
exiting  GT-2  are  used  to  heat  working  fluid  of  steam  bottoming  cycle  in  a  heat  recovery  boiler  HRSG. 


Q 


Fig  1  Flow  chart  of  system  A  Fig  2  T — Q  diagram  in  HRSG 

3.  MAIN  DATA  AND  ASSUMPTIONS 

1.  Fuel;  hydrogen  (H2),  288. 15K,  Ibar.  Air:  standard  air  at  1  bar,  288.15K. 

2.  Intercooler  compressors:  polytropic  efficiency  =0.87 

3.  Chemical  looping  combustor:  heat  losses=0.02,  pressure  drop  AP  =0.04 

4.  Fuel  cell:  The  analytic  models  of  fuel  cell  are  given  in  reference  [1].  Some  main  parameters  are  listed 
below. 

N=6  =0.13  Rei=0.5Ohm 

Wfc=1MW  V=220V 

DC  /  AC  converting  efficiency:  0.97 

5.  Turbine:  polytropic  efficiency=0.87 

6.  Condenser  :  cooling  water  temperature  =  288.15  K. 

7.  Heat  exchanger  :  minimum  temperature  difference  ATnun  =30  K 

heat  losses=0.02,  pressure  drop  A  P  =0.04. 

4.  OPTIMIZATION  MODEL 


Mathematics  Model 

The  size  (Wfc=1MW,  V=220V)  and  the  operating  parameters  of  the  fuel  cell  units  (PFC,  TFC,  S,  Xh2)  are 
considered  constant.  The  number,  capacity  of  the  heat  exchangers  and  operation  parameters  of  chemical  looping 
combustor  etc.,  are  free  to  vary.  Consequently,  the  electric  power  produced  by  the  turbine  generator  GT-1,  GT- 
2,  ST  are  free  to  vary.  With  these  assumptions,  the  core  of  the  problem  is  the  optimal  synthesis  of  the  system. 
For  this  purpose,  a  kind  of  non-linear  optimization  method  is  adopted. 

1.  Objective  function 


1491 


Thermal  efficiency  is  chosen  as  objective  function  of  this  optimization  problem.  The  total  power  output  of  this 
system  is  consist  of  four  parts;  Wpo  Wgt-i.  Wgt-2>  Wst-  The  parasitic  power  is  mainly  consumed  by 
compressors.  So  objective  function  can  be  written  as: 

Max  Ti=  (Wfc+  Wgt-i+  Wgt-2+  Wst— Wc)  /  (AH*Ntot) 

2.  Design  variables 

1 .  5;  the  mole  fraction  of  hydrogen  reacting  with  NiO  in  CL.  5=Nre/Nin 

2.  X:  the  mole  fraction  of  hydrogen  entering  CL.  X=NiD/Ntot  So,  Y=l-X 

3.  a:  the  mole  fraction  of  fuel  cell  exhaust  gases  flowing  into  heat  exchanger  HE-Hl 

4.  e:  the  mole  fraction  of  fuel  cell  exhaust  gases  flowing  directly  into  combustion  chamber. 

So,  b=l-a-e  b:  the  mole  fraction  of  fuel  cell  exhaust  gases  flowing  into  heat  exchanger  HE-Al. 

5.  c:  the  mole  fraction  of  gas  turbine  exhaust  gases  flowing  into  heat  exchanger  HE-H2. 

6.  f:  the  mole  fraction  of  gas  turbine  exhaust  gases  flowing  directly  into  heat  recovery  boiler  HRSG. 

So,  d=l-c-f  d;  the  mole  fraction  of  gas  turbine  exhaust  gases  flowing  into  heat  exchanger  HE-A2. 


7 .  T3 :  the  temperature  of  mixture  H2-H2O  exiting  reduction  reactor. 

8.  P4:  the  operation  pressure  of  oxidation  reactor. 

3.  Restrictions 

1.  HE-Hl:  T8-T6^T„^ 

5. 

HRSG:  T23-Tbot^T„^ 

T10-T9  ^T^ 

T17-Ts^T^ 

T8  >T10 

T14-Tdo^T^ 

2.  HE-H2:  T13-T9  ^T^^ 

6. 

CL:  T3  ^3max 

T20-T1  ^T^ 

T4  ^4max 

T13  mo 

P4^FC 

3.  HE-Al:  T8-T7^T:„i„ 

7. 

0<a<l 

T11-T12^T„^ 

8. 

0^<1 

T8>T11 

9. 

0  <a+e  <1 

4.  HE-A2;T13-T12^T:„i„ 

10. 

0<c<l 

T21-T70  ^Tn^ 

11. 

0<f<l 

T13mi 

12. 

0<c+f<l 

Ontimization  Procedure 

1 .  Do  optimization  of  parameters  of  system  A. 

2.  If  the  value  of  one  branch  can  be  neglected  (or  equals  to  zero),  then  this  branch  can  be  removed  from 
system  A. 

3.  Do  optimization  of  this  new  flowsheet  again. 

4.  Repeat  the  above  procedures  until  both  the  optimal  flowsheet  and  parameters  are  obtained  simultaneously. 

5.  RESULTS 

Tables  1  and  2  show  the  comparison  results  of  base  cycle[5]  and  optimal  system  at  fuel  cell  operation 
temperature  (TFC)  lOOOK  and  HOOK.  Thermal  efficiency  ^  opt,  5  opt  and  optimal  mole  fraction  Xop,  of 
reduction  reactor,  operation  pressure  P4  of  oxidation  reactor  are  listed.  The  optimal  system  optimized  from 
system  A  has  the  advantages  over  base  system  in  the  following  aspects: 

1.  With  the  optimization  of  flowsheet  and  parameters,  the  thermal  efficiency  has  been  increased  from 
62.3%  to  65.8%  at  TFC=1000K  and  62.1%  to  65.1%  at  TFC=1100K. 

2.  One  drawback  of  base  cycle  is  its  high  operation  pressure  (P4)  of  oxidation  reactor.  But  in  optimal 
system,  P4  is  decreased  from  2.2MPa  to  1.78MPa  at  TFC=1000K  and  2.115MPa  to  1.545MPa  at 
TFC=1100K,  which  makes  the  cycle  easier  to  be  developed. 
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TFC(K)  TFC  (K) 

Fig.  3  Fuel  Cell  Operation  Temperature  Fig.  4  Fuel  Cell  Operation  Temperature  TFC 

TFC  versus  efficiencynopr  versus  X  oprand  6  opt  (BETA) 

Optimal  results  illustrate  that  different  fuel  cell  operation  temperature  TFC  correspond  to  different  optimal 
cycle  configurations.  In  Figure  3  and  Figure  4,  the  two  sides  of  the  dotted  line  are  of  different  regulations 
because  of  different  optimal  flowsheet.  Figure  3  shows  fuel  cell  operation  temperature  TFC  versus  the  optimal 
results  of  efficiency.  From  optimization  of  system  A,  it  has  been  found  that  at  lower  fuel  cell  operation 
temperature,  the  optimal  values  of  X,  e,  f  are  very  close  to  “1”,  and  the  value  of  a,  b,  c,  d  are  close  to  “0”, 
which  hint  that  heat  exchangers  (HE-Hl,  HE-H2,  HE-Al,  HE-A2)  placed  behind  fuel  cell  are  unnecessary.  So 
branches  related  with  heat  exchangers  are  cut  to  form  a  new  flowsheet  and  then  do  parameter  optimization  of  it 
till  optimal  cycle  configuration  and  parameters  can  be  obtained.  But  at  higher  fuel  cell  operation  temperatures, 
these  branches  are  helpful  for  the  improvement  of  cycle  performance.  Heat  exchangers  are  included  into 
optimal  cycle  configuration.  At  the  left  side  of  dotted  line,  hydrogen  and  air  are  heated  to  fuel  cell  operation 
temperature  entirely  by  chemical  looping  combustor.  So  X  equals  “1”  (Fig  4).  But  at  the  right  side  of  dotted 
line,  hydrogen  and  air  are  heated  both  by  chemical  looping  combustor  and  by  a  series  of  heat  exchangers.  So  X 
is  less  than  1  (Fig  4).  The  optimal  value  of  X  decreases  with  TFC  (Fig  4).  Parameter  ‘increases  with 
TFC(Fig  4).  So  with  optimization  of  a  more  comprehensive  cycle(system  A),  flowsheet  and  parameters  can  be 
optimized  simultaneously.  Figure  5  is  the  ratio  of  hydrogen  to  oxygen  utilization  fraction  S  versus  the  optimal 
efficiency.  In  this  case,  fuel  cell  operation  temperature  TFC,  operation  pressure  PFC  and  fuel  utilization 
fraction  xJjj  >  fixed.  Optimization  results  show  that  the  efficiency  is  maximal  when  hydrogen  and  oxygen 
are  of  same  utilization  fraction. 


Fig  5  Ratio  of  Hydrogen  to  Oxygen  Utilization 
Fraction  S  versus  Efficiency  Ti  opt  (ETA) 
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6.  CLOSURE 


The  present  work  is  mainly  concerned  with  optimization  of  system  configuration  and  parameters.  It  has  been 
illustrated  that  the  application  of  this  procedure  is  feasible  to  improve  system  performance.  Different  fuel  cell 
operation  temperatures  correspond  to  different  optimal  cycle  configurations.  The  thermal  efficiency  can  be 
raised  about  3.5  percentage  points  at  fuel  cell  operation  temperature  lOOOK.  The  operation  pressine  of 
oxidation  chamber  can  also  be  decreased,  which  makes  the  system  easier  to  be  developed.  Further  work  will 
include  1)  Perform  optimization  of  a  more  comprehensive  system  in  which  more  possible  structures  are 
embraced,  and  2)  Do  optimization  from  the  point  of  view  of  economic  and  environment. 


7.  NOMENCLATURE 


a,b,c,d,e,f:  the  mass  flow  fraction  of  exhaust  gases  in 
each  branch 
C:  compressor 

CL:  chemical  looping  combustor 
FC:  fuel  cell 
GT:  gas  turbine 

N:  number  of  fuel  cell  per  array 

Nin:  amount  of  hydrogen  entering  reduction  reactor 

Nre:  amount  of  hydrogen  reacting  with  NiO 

Ntot:  the  total  amount  of  hydrogen 

PFC:  fuel  cell  operation  pressure 

R<i:  resistance 


S:  ratio  of  hydrogen  to  oxygen  utilization  fraction 
ST:  steam  turbine 

T3max'  the  maximum  allowable  temperature 
T4max:  the  maximum  allowable  temperature 
TFC:  fuel  cell  operation  temperature 
V:  voltage 

WFC:  power  output  of  fuel  cell 

(XH2 ):  utilization  fraction  of  hydrogen(N=l) 

AH:  difference  of  enthalpy 
Ti  (ETA):  thermal  efficiency 
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ABSTRACT.  It  is  found  that  combustion  of  some  petroleum  cokes  agrees  with  one  step  model  (with  1.5 
reaction  order),  while  combustion  of  other  petroleum  cokes  agrees  with  two  steps  model  (with  7.0,  2.0  reaction 
order)  by  thermogravimetric  analysis  (TGA).  Several  petroleum  cokes  kinetics  parameters  have  been  obtained 
and  some  combustion  characters  have  been  indicated  at  the  same  time. 

1,  INTRODUCTION 

Petroleum  coke  is  the  final  production  of  oil  refinery  [1,  2,  3].  Petroleum  coke  can  be  used  as  carbonaceous 
materials  and  alternative  fuel  of  power  boiler.  Mechanism  of  petroleum  coke  combustion  is  very  important  to 
the  utility  of  petroleum  coke,  but  the  mechanism  of  petroleum  coke  combustion  is  not  clear  bec^se  of  few 
papers  about  it.  In  this  paper,  the  mechanism  of  petroleum  coke  combustion  is  studied  by  TGA,  whose 
measurement  is  accurate  and  continuous.  From  Table  1,  we  can  find  that  petroleum  coke  contains  few  volatiles 
and  high  level  of  carbon,  which  closes  to  that  of  anthracite.  Coal  combustion  is  always  considenng  as  one  step 
model  with  reaction  order  about  1.0,  for  petroleum  coke  combustion  which  model  can  be  adapt  to?  In  this  paper, 
different  petroleum  cokes  are  used  to  study  the  mechanism  of  their  combustion.  In  order  to  select  a  good  model, 
different  reaction  orders  are  assumed  to  adapt  to  the  experiments. 

2.  EXPERIMENTS 


2.1  Experiments  Samples  •  ,  /-.  i 

Petroleum  coke  samples  came  from  Wuhan  Chemical  Oil  Plant  (WH),  Guanzhou  Cheimcal  Oil  Plant  (GZ), 
Jin<jmen  Chemical  Oil  Plant  (JM)  and  Zhenhai  Chemical  Oil  Plant  (ZH2).  The  soft  coal  (YM)  and  anthracite 
(WYM)  are  used  to  compare  with  petroleum  coke.  The  samples  are  skived  and  milled.  The  diameters  of  the 
samples  are  between  0.100-0.154  mm.  The  weights  of  samples  in  TGA  experiments  are  in  the  same  (10-2  mg)- 
Proximate  analysis  and  ultimate  analysis  of  different  samples  appear  in  Table  1.  From  Table  l,we  can  find  that 
petroleum  coke  is  high  in  fixed  carbon,  low  in  volatiles,  internal  water  and  ash. 


2.2  Experimental  Apparatus  and  Conditions 

The  experimental  apparatus,  LCT-2B  mid-temperature  thermogravimetric  scale,  was  made  in  China.  Ihe 
thermogravimetric  scale  consists  of  heating  furnace,  balance,  measure  and  control  system,  signals  processing 
system,  data  acquisition  and  processing  system  .The  temperature  is  heated  to  certain  value  by  the  control  system 
in  linearity.  The  electric  signals  coming  from  the  signals  processing  are  collected  and  saved  by  computer.  The 
data  are  dealt  with  by  program,  which  is  to  determine  combustion  mechanism  and  kinetics  parameters.  The 
experiments  are  under  conditions  of  1 10  ml/min  air  flux  and  20  C/min  heating  rate. 


Table  1.  Proximate  And  Ultimate  Analysis  Of  Petroleum  Coke  And  Coal 


WH 

GZ 

JM 

Z2 

WYM 

Water  % 

0.78 

0.71 

2.1 

4.12 

Vol.  % 

11.85 

13.82 

22.32 

6.35 

Ash  % 

0.12 

0.16 

36.10 

26.7 

carbon  % 

87.19 

85.13 

88.12  n 

39.48 

63.26 

3.  ANALYSIS  AND  RESULTS 

The  combustion  rule  of  solid  fuel  is  generally  considered  to  agree  with  the  following  equation. 
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(1) 


-  —  =  Kw''  =Aexp| 
dt  ^ 


RT 


\w 


where  w  is  the  weight  of  the  solid  in  different  time  (mg),  t  is  time  (min),  A  is  factor  constant,  E  is  the  active 
energy  (J/mol),  n  is  reaction  order,  R  is  the  universal  gas  constant  (J/moI*K),  T  is  absolute  temperature  (K).  By 
seeking  logarithm  to  both  sides  of  Equation  (1),  Equation  (2)  can  be  obtained  as  follows: 


In 


(  dw^ 
dt 


w 


(2) 


Different  reaction  orders  are  select  to  agree  with  the  linearity  of  Equation  (2)  by  LMS  (Least  Square  Method) 
(with  reaction  orders  0,  0.5,  2/3,  1,  1.5,  2.0,  2.5,  3.0,  3.5,  4.0, 4.5,  5.0,  5.5,  6.0,  7.0,  8.0,  9.0),  so  the  mechanism 
of  combustion  can  be  determined.  The  results  of  the  Least  Square  Method  of  Equation  (2)  indicate  that  different 
petroleum  cokes  agree  with  different  model:  GZ  and  ZH2  agree  with  one  step  model  (with  reaction  order  1.5), 
WH  and  JM  agree  with  two  step  model  (with  reaction  order  7.0  and  2.0). 


Figure  1.  DTG  value  of  GZ  combustion 


Figure  2.  DTG  value  of  ZH2  combustion 


From  Figure  1  to  Figure  4,  we  can  find  that  the  combustion  of  GZ  and  ZH2  with  only  one  peak  value  and  those 
of  WH  and  JM  with  two  peak  values.  From  Figure  5  and  Figure  6,  we  can  find  that  the  combustion  of  the  two 
coals  agrees  with  one  step  model. 


Figure  4.  DTG  value  of  WH  combustion 
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Figure  5.  DIG  value  of  YM  combustion 


Figure  6.  DTG  value  of  WYM  combustion 


Figure  7.  DTG  value  of  GZ  pyrolysis  Figure  8.  DTG  value  of  WH  pyrolysis 

The  sample  of  GZ  is  ignited  at  about  400  °C  and  burned  out  at  about  500  °C.  The  sample  of  ZH2  Js  ignited  at 
about  420  “C  and  burned  out  at  about  500  ®C.  The  samples  of  WH  and  JM  are  ignited  at  about  300  C.  The  fust 
steps  of  WH  and  JM  are  burned  out  at  about  400  ®C  and  the  second  steps  are  burned  out  at  about  5W  C. 
Anthracite  is  ignited  at  about  430  ®C  and  burned  out  at  about  600  ®C.  The  soft  coal  is  ignited  at  about  350  C  and 
burned  out  at  about  600  °C.  From  the  DTG  figures,  we  can  find  that  the  ignition  temperatures  of  petroleum 
cokes  are  less  than  that  of  anthracite  but  not  all  the  ignition  temperatures  of  petroleum  coke  are  higher  than  that 
of  soft  coal.  The  ignition  temperature  of  WH  and  JM  samples  are  less  than  that  of  soft  coal  but  those  of  GZ  and 
JM  samples  are  higher  than  that  of  soft  coal.  Not  all  of  burning  out  temperatures  of  petroleum  cokes  are  higher 
than  those  of  coals.  Once  the  petroleum  cokes  are  ignited,  their  weight  loss  speeds  become  rapid  (especially  for 
WH  and  JM  samples).  In  the  initial  combustion  the  weight  loss  due  to  pyrolysis  is  small.  DTG  values  of  the 
petroleum  cokes  samples  reach  the  peak  value  quickly  after  the  samples  are  ignited.  This  indicates  that  the 
samples  of  petroleum  cokes  are  ignited  heterogeneously  [3].  The  DTG  of  GZ  and  WH  samples  pyrolysis  appear 
in  Figure  7  and  Figure  8.  The  initial  pyrolysis  temperature  of  GZ  sample  is  about  400  °C,  which  almost  equals  to 
the  initial  combustion  temperature.  The  initial  pyrolysis  temperature  of  WH  sample  is  about  300  C,  which 
equals  to  the  initial  combustion  temperature.  The  low  concentration  of  the  pyrolysis  gas  in  the  initial  pyrolysis  is 
not  high  enough  to  ignite  the  petroleum  coke.  This  validates  that  the  petroleum  cokes  are  ignited 
heterogeneously  again.  The  LMS  results  of  petroleum  cokes  appear  in  Figure  9,  Figure  10,  Figure  11  and  Figure 
12.  The  reaction  orders  and  kinetics  parameters  of  the  four  kinds  of  petroleum  cokes  appear  in  Table  2. 


Figure  9.  LMS  of  GZ  Figure  10.  LMS  of  ZH2 
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Table  2.  Reaction  Order  And  Kinetics  Parameters  Of  Petroleum  Coke  Combustion 


Samples 

N 

A 

E 

Relative 

coefficient 

GZ 

1.5 

8250.336 

73557.43 

0.9217436 

ZH2 

1.5 

49345.441 

84959.12 

0.9639225 

WH 

The  first  step 

7.0 

1.1985x10" 

176445.84 

0.9659883 

The  second  step 

2.0 

1.6519x10^ 

367256.82 

0.9695785 

JM 

The  first  step 

7.0 

5.2873x10" 

193412.40 

0.9628462 

The  second  step 

2.0 

1.0946x10" 

353356.94 

0.9707165 

4.  CONCLUSIONS 

1.  The  combustion  of  some  petroleum  cokes  agrees  with  one  step  model  (with  reaction  order  of  1.5)  and  the 
combustion  of  other  petroleum  cokes  agrees  with  two  steps  model  (with  reaction  orders  of  7.0  and  2.0). 

2.  The  ignition  temperatures  of  petroleum  coke  are  between  those  of  soft  coal  and  anthracite.  The  burning  out 
temperatures  of  petroleum  cokes  are  less  than  those  of  soft  coal  and  anthracite. 

3.  Petroleum  cokes  are  ignited  heterogeneously  under  the  experimental  conditions. 

4.  The  reaction  orders  and  kinetics  parameters  of  four  kinds  of  petroleum  cokes  are  obtained. 
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ABSTRACT.  TTiere  are  at  present  around  1,000  MS3002  General  Electric  gas-turbine  units  in  servi‘  e  ^1 
over  the  world  though  the  environmental  characteristics  of  these  machines,  in  particular,  NOx  emissions  do 
not  meet  the  current  environmental  norms.  A  relatively  inexpensive  and  simple  combustor  update  has  been 
carried  out,  the  salient  features  thereof  are  increased  flow  of  air  supplied  to  the  primary  zone  its  accurate 
dosing  and  strict  orientation  of  the  air  jets  to  be  supplied  into  maximum  temperature  zones.  T^e  fuU-scde 
combustor  model  tests  were  carried  out  in  the  NPP  ‘EST”  test  bed  in  Russia.  Tlie  trial-commercial  tests  of  the 
combustor  as  a  part  of  a  FRAME-3  unit  were  accomplished  at  an  enterpnze  of  the  Ruhrgas  m  Germany.  It  has 
been  operated  over  one  year.  The  completed  complex  of  tests  demonstrated  that  the  NOx  emissions  from  the 
updated  combustor  are  1.6  time  below  that  from  a  standard  one  and  do  not  exceed  150  mg/Nm  (cmverted  to 
15%  O,  concentration)  at  all  unit  operating  conditions.  The  CO  emissions,  at  the  same  time,  at  GPU  rating  do 
not  exceed  50  mg/Nm^  while  within  the  70  to  100%  load  range  of  the  turbounit  rated  output,  the  CO 
emissions  are  below  the  level  of  100  mg/Nm  . 

1.  INTRODUCTION 


Due  to  its  robust  design,  the  MS3002  gas-turbine  plant  of  the  General  Electric  production,  c^ed  ^ 

well,  excels  in  a  high  operating  rehabihty,  appropriate  operating  qualities  and  has  been  widely  applied  all  over 
the  world.  There  are  around  1000  machines  of  this  series  in  service  nowadays,  the  bulk  thereof  operates  as  a 
part  of  power  stations  to  drive  the  electrogenerators. 


At  the  same  time,  the  environmental  records  of  these  machines,  particularly  the  nitrogen  oxide  emissions,  do 
not  meet  the  current  environmental  requirements.  Keeping  in  mind  that  the  FRAME-3  life  ^ch  exceeds 
100,000  hours,  it  necessitates  units  with  reasonably  considerable  residual  life  to  have  their  NOx  emissions 
reduced  to  the  level  of  the  current  toxic  emissions  norms. 


The  low-NOx  fuel  combustion  systems  of  DLN  type,  proposed  by  General  Electric,  and  based  on  the  technique 
of  premixed  lean  combustion,  are  distinguished  by  having  a  complex  control  system  and  fairly  costly  (^ound  1 
min  dollars  of  USA  per  a  unit).  For  units  which  have  been  in  service  for  a  long  time  and  which  life  has  been 
already  partially  depleted,  application  of  such  costly  systems  is  not  economically  justified.  For  these  purposes, 
cheaper  and  more  simple  engineering  approaches  must  be  developed. 

By  the  order  of  ‘Ruhrgas”  (Germany),  the  Research-Manufacture  Enterprise  ‘EST”  (Russia)  in  tandem  with 
‘EKOL”  (Czech  Republic)  developed  a  simple,  produceable  and  comparatively  inexpensive  engineering 
approach  to  update  environmentally  the  FRAME-3  unit. 


The  development  of  the  engineering  approach  included  the  following  main  stages: 
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-  analysis  of  design  and  operating  process  in  standard  combustor; 

-  design  and  manufacture  of  versions  of  full-scale  prototypes  of  low-NOx  combustors; 

-  bed  tests  of  models  and  option  for  an  optimum  version; 

-  design  and  manufacture  of  fuU-scale  combustor; 

-  tests  of  updated  combustor  as  a  part  of  the  unit  on  the  compressor  station  to  identify  its  main 
characteristics; 

-  trial-commercial  operation  of  updated  combustor  to  verify  its  rehability. 

The  most  significant  aspects  of  separate  development  stages  will  be  discussed  below. 

2.  PECULIAR  FEATURES  OF  DESIGN  AND  OPERATING  PROCESS  IN 
THE  STANDARD  COMBUSTOR 

The  MS3002  unit  combustor  consists  of  tube  sections  placed  in  separate  parallel  casings  with  three  sections  on 
each  side  of  the  machine  normal  to  its  centerline.  The  combustion  air  is  dehvered  as  the  counterflow  by  the 
annular  channel  formed  by  the  liner  and  casing.  The  liner  design  is  typical  for  combustors  with  the  staged  air 
supply  into  the  combustion  zone  (see  Fig.l).  The  liner  has  5  rows  of  openings  (2  rows  to  supply  the  primary 
air,  2  rows  of  afterburning  openings  and  1  row  of  mixer  openings)  located  at  various  distances  from  the  dome. 
The  dome  is  the  taper  with  developed  perforation  as  scaly  stamp-outs  of  louver  type  for  coohng.  A  similar 
cooling  system  is  apphed  on  the  hner  within  the  dome-to-mixer  area.  The  gas  burner  is  secured  on  the  casing 
cover  and  has  the  gas-distributing  headpiece  of  jet  type  placed  along  the  centerhne. 

The  operating  process  in  the  combustors  with  the  staged  air  supply  is  sufficienty  studied  and  has  a  number  of 
characteristic  features.  The  combustion  process  intensity  and  fuel  bum-out  length  in  the  given  combustors  are 
essentially  dependent  on  the  diameter  and  location  of  the  primary  air  supply  openings  and  afterburning 
openings  in  the  liner. 


Combustion 

Products 


The  combustor  in  discussion  is  distinguished  by  the  low  flow  velocities  and  small,  close  to  one,  excess-air 
coefficients  within  the  head  area,  larger  reverse  currents  zone  volume  which  causes  a  lengthy  time  of 
combustion  products  residence  within  the  high  temperature  zone  and  results  in  a  higher  NO^  emissions. 

The  main  characteristics  of  the  MSS  142  unit  combustor  are  shown  in  Table  1 

Table  1 


No 

Characteristics 

Dimension 

Numerical 

value 

n 

Air  flow  per  a  combustor 

51 

m 

Fuel  gas  flow  per  a  combustor 

kg/sec 

0.792 

m 

Pressure  in  combustor 

MPa 

0.72 

m 

Gas  temperature  downstream  of  combustor 

°C 

943 
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M 

Air  rp.mperatiire  upstream  of  combustor 

°C 

270 

Excess-air  coefficient 

3.60 

NO.  concentration  (in  dry  combustion  products  at  15%  O2) 

232 

8. 

CO  concentration  (in  dry  combustion  products  at  15%) 

mg/Nm^ 

58 

3.  DEVELOPMENT  OF  PROTOTYPE  VERSIONS 

As  it  was  noted  out  above,  the  temperature  within  the  combustion  zone  and  residence  time  for  combustion 
products  within  the  high  temperature  zone  are  the  principal  factors  determining  NO^  formation.  It  is  also 
known  that  these  factors  affect  CO  emissions  as  well  but  with  the  reverse  effect. 

So,  a  straightforward  approach  which  comes  down  to  a  simple  increasing  the  excess-air  coefficient  in  the 
primary  zone  at  the  expense  of  variation  of  the  number  and  diameter  of  the  hner  openings  looks  to  be 
unpromising  since  it  results  in  the  increase  in  the  CO  emissions  and,  also,  a  likely  deterioration  of  the 
combustion  stabihty,  emergence  of  pressure  pulsations,  lowering  of  combustion  rehability  and  other 
unpalatable  subsequences. 

On  the  other  hand,  use  of  such  effective  techniques  of  NO^  emissions  lowering  as  premix  ‘lean”  combustion, 
variable  geometry  of  combustor  paths  or  multi-stage  fuel  combustion  are  associated  with  considerable 
variations  in  the  fuel  supply  systems,  automatic  control  and  governing,  alterations  of  the  combustor  casing 
design  which  is  inadmissible  considering  the  set  targets. 
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Fig.  2.  Combustor  -  list  of  updated  elements. 

At  the  same  time,  the  experience,  gained  by  the  Research-Manufacture  Enterprise  ‘EST’  within  the  field  of 
environmental  update  of  combustors  of  gas  turbines  produced  by  various  companies  (GT-750-6  and  GTK-10  of 
the  “Nevsky  Zavod”  production,  GTG-1500  of  the  “Proletarsky  Zavod”  production,  GT-100  of  the  ‘Leningrad 
Metal  Works”  production,  KWU  VR-438  of  the  “Siemens”  production,  etc)  indicates  that  in  many  cases  a 
considerable  NO^  emissions  reduction  could  be  achieved  by  minimum  design  variations  of  the  combustor 
allowing  to  build  up  the  operating  process  in  the  combustor  in  a  rational  way. 

Thus,  a  reduction  of  the  NOx  concentration  in  the  waste  gases  firom  the  gas-pumping  units  of  GT-750-6  and 
GTK-10  on  an  average  fi-om  750-850  mg/Nm’  to  135-150  mg/Nm^  (at  conversion  to  NO2  at  15%  O2)  was 
achieved  by  the  technique  of  directed  and  dosed  air  blow  into  the  local  high  temperature  zones  of  the  head 
areas  of  the  combustor.  The  CO  emissions  level  at  the  same  time  remained  actually  within  the  current  norms 
limits. 

By  now,  around  350  machines  of  GTK-10-4  type  have  been  updated  in  Russia  and  over  150  units  of  GT-750-6 
have  been  updated  in  Czech  and  Slovak  Republics. 
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The  technique  of  local  dosed  air  blow-in  was  admitted  to  be  the  basis  at  design  of  versions  of  the  prototypes  of 
the  low-NOx  MS-3002  combustor.  The  optimum  version  (as  follows  from  the  experimental  elabOTation 
findings)  is  shown  in  Fig.  2. 

The  newly  developed  combustor  (Fig.2)  has  the  following  salient  features:  increased  air  flow  to  the  primary 
zone,  its  accurate  dosing  and  strict  orientation  of  the  air  jets  to  be  supplied  to  the  local  high-temperature  zones. 
This  was  achieved  by  installation  of  a  special  purpose  system  of  the  air-guide  pipings  welded  to  the  Hner 
(Fig.  3).  Furthemore,  some  changes  were  introduced  into  the  system  of  separation  of  air  supphed  to  various 
liner  zones  and  the  angle  of  the  gas  outflow  from  the  burner  was  altered  as  well. 

The  above  changes  result  in  formation  of  the  high-turbulent  toroidal  vortex  in  the  primary  zone  which  favours 
as  follows: 

-  faster  fuel/air  mixing; 

-  lowering  the  mean  flame  temperature; 

-  increasing  the  flow  velocity  within  the  recirculation  zone  and,  therefore,  decreasing  the  time,  of  combustion 
products  residence  within  the  high-temperature  zones; 

-  enhancement  of  the  fuel  combustion  process. 


Fig.  3.  Piping  part. 


Totally,  8  various  models  of  low-NO^  combustors  were  designed,  manufactured  and  tested  in  the  test  bed;  all 
these  were  distinct  from  one  another  by  their  location,  direction,  quantity  and  configuration  of  the  air-guide 
pipings,  angle  of  fuel  jets  outflow  from  the  burner  openings,  diameters  of  the  afterburning  and  mixing 
openings. 


4.  BED  TESTS  OF  MODELS 

Tests  of  the  full-scale  models  of  low-NO^  MS-3002  combustors  were  carried  out  in  the  experimental  test  bed  of 
the  NPP  “EST”  in  St.Petersburg.  The  test  bed  (see  Fig. 4)  includes  the  air  compressor  experimental  section 
where  the  combustor  model  under  study  is  located,  double-stage  system  of  air  preheating  with  the  combustion 
products,  exhaust  system  with  the  noise-silensor,  fuel  system  with  three  independent  circuits  of  fuel  supply 
(one  circuit  was  employed).  The  test  bed  was  equipped  with  the  automated  measuring  system  allowing  to  keep 
records  and  carry  out  processing  of  all  required  parameters  directly  during  the  process  of  conducting  the 
experiment.  Some  characteristics  of  the  experimental  test  bed  are  shown  in  Table  2. 


1503 


Table  2 


Maximum  air  pressure,  abs,  Mpa 

0.6 

Maximum  air  mass  flow,  kg/sec 

4.0 

Maximum  air  temperature  at  combustor  inlet,  C 

500 

Fuel  type 

gaseous; 

liquid 

Maximum  fuel  gas  pressure,  Mpa 

0.6 

The  bed  tests  of  the  low-NO^  MS-3002  combustor  models  were  carried  out  at  the  air  pressures  close  to  the 
atmospheric  ones.  The  rated  air  flow  through  the  combustor  for  the  test  bed  conditions  was  determined  on  the 
basis  of  the  requirement  to  ensure  equahty  of  Mach  numbers  for  the  under-scale  and  fuU-scale  models. 


Fig.  4.  Testbed 


In  the  process  of  the  bed  tests,  the  foUowing  characteristics  were  identified  for  each  studied  version: 

-  boundaries  of  combustion  stability  in  terms  of  ‘lean”  and  “rich  turn-down, 

-  relative  hydraulic  resistance; 

-  fuel-air  mixture  ignition  conditions; 

-  heat  state  of  the  liner; 

-  dependence  of  NO„  and  CO  concentrations  in  the  combustion  products  on  variation  of  the  excess-air 
coefficient; 

-  non-uniformity  of  the  gas  pattern  factor  at  the  combustor  outlet. 

Conversion  of  the  NO,,  concentration  values  in  the  test  bed  to  full-scale  pressure  was  implemented  using  the 
fraction-Unear  approximation  of  the  form  [1] 
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(1) 


16P^-0.23  6P‘^  +  0.77 

where  is  the  NO^  concentration  measured  in  the  test  bed; 

pM  pH 

are  the  pressures  in  the  under-scale  and  full-scale 
combustor,  MPa. 

On  the  basis  of  the  findings  of  tests  of  8  versions  of  the  combustor  models,  an  optimum  low-NO^  combustor 
design  was  chosen  (see  Fig.2)  allowing  to  reduce  the  NO^  emissions  by  1.8  time  as  compared  with  the  standard 
combustor.  The  CO  emissions,  at  the  same  time,  at  the  rating  remained  close  to  0. 

5.  TEST  OF  UPDATED  COMBUSTOR  AS  A  PART  OF  THE  UNIT 

In  compliance  with  the  project  completed  by  the  NPP  “EST’,  the  “EKOL”  company  manufactured  and 
mounted  a  low-NO^  combustor  on  the  MS-3002  unit  at  a  ‘Ruhrgas”  compressor  station. 

Complex  tests  of  the  combustor  as  a  part  of  the  unit  confirmed  conclusions  drawn  on  the  basis  of  the  test  bed 
elaboration  of  the  combustor  design  results,  in  particular: 

-  100%  reliabihty  of  ignition  and  functioning  of  the  cross-fire  tube  at  the  start-up; 

-  high  flame  stability  and  rehable  functioning  of  the  flame  detectors  within  the  entire  operating  conditions 
range; 

-  high  fuel  combustion  completeness  which  exceeded  99.9%  as  in  the  original  combustor; 

-  absence  of  working  media  pressure  fluctuations; 

-  considerable  pressure  losses  reduction  in  the  combustor  which  led  to  a  fuel  flow  reduction  (Fig.5). 


Relative  power  [%j 
original  after  mo<fification 

Fig.  5.  Relative  pressure  losses  ^  in  the  combustor. 


A  special  attention  was  paid  to  the  pattern  factor  of  the  combustion  products  and  the  liner  metal  temperature. 
Fig.  6  and  7  show  the  photos  of  the  inside  surface  of  the  liner  after  the  tests  carried  out  using  a  thermopaint 
susceptible  to  the  temperature  level.  The  maximum  liner  metal  temperature  (800°C)  of  the  low-NO,;  combustor 
did  not  exceed  the  temperatures  measured  on  the  standard  combustor. 

Comparison  of  the  standard  combustor  emissions  with  the  low-NO^  updated  combustor  emissions  are  shown  in 
Fig.8. 

The  tests  indicated  that  the  NO^  emissions  fi-om  the  updated  combustor  is  1.6  time,  below  that  from  the 
standard  combustor  and  does  not  exceed  140  mg/Nm^  (converted  to  15%  O2)  over  the  unit’s  entire  operating 
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conditions  range.  The  CO  emissions,  at  the  same  time,  at  the  GPU  rated  loading  are  close  to  0  while  wifc  loads 
making  up  55-100%  of  the  rated  turbounit  output,  the  CO  emissions  are  below  the  level  of  100  mg/Nm  .  These 
characteristics  meet  the  requirements  of  the  Germany’s  environmental  norms  TA  Luft. 


Fig.  6.  Inside  liner  surface. 


420X 

600"C 


rig.7.  Inside  liner  dome  surface. 

The  analysis  of  the  complex  test  findings  for  the  low-NO^  combustor  indicated  that  its  main  operation 
characteristics  are  not  inferiour  to  those  of  the  standard  combustor  or  even  superiour  to  them. 

After  completion  of  the  short-term  complex  tests,  trial-commercial  running  of  the  low-NO^  combustor  was 
started.  By  now,  its  operating  hours  are  around  1,000  and  operating  of  the  updated  combustor  is  being 
successfully  continued. 
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Relative  power  P/Ppa^,  [%] 


original  CD.  original 

— - —  NO,,  modified  - - -  CO,  modified 

Fig.  8  NOx  and  CO  concentrations  in  the  combustion  products. 

6.  CONCLUSION 

Feasibility  of  carrying-out  environmental  combustor  update  within  short  periods  of  time  without  involving 
other  components  and  systems  of  the  turbounit  is  a  substantial  advantage  of  the  proposed  engineering 
approach.  The  fuel  system,  control  and  governing  systems,  igniter  and  flame  detector  remain  actually  the 
same. 

Update  includes  on-site  replacement  of  the  hners  and  burner  headpieces.  Terms  of  carrying  out  mounting  and, 
therefore,  the  outage  of  the  machine  do  not  exceed  24  hours.  The  life  of  the  components  and  parts  replaced  at 
carrying  out  the  combustor  update  remained  the  same  both  for  the  appropriate  standard  components  and  parts 
supplied  by  the  turbounit  manufacturer. 

At  present,  a  similar  engineering  approach  is  being  developed  for  the  FRAME-3R  unit,  operating  by  the 
regenerative  cycle.  In  the  middle  of  1999,  the  tests  of  the  low-NO^  combustor  as  a  part  of  the  unit  will  be 
launched. 
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ABSTRACT.  Heat  transfer  from  the  flame  in  a  glass  furnace  is  important  for  the  efficient  cyeration 
glass  melting  furnace.  Numerical  simulations  of  three-dimensional  turbulent  combustion  with  radiation  heat 
ttansfer  in  the  glass  melting  furnace  are  carried  out  in  this  paper.  The  comprehensive  mathematical  model  is 
developed  for  simulating  gas  combustion  and  heat  transfer.  The  standard  k-e  turbulence  model  and  EBU- 
Arrhenius  model  are  incorporated  into  the  comprehensive  model.  For  radiation  heat  transfer,  conventional  s 
heat-flux  model  are  used.  On  the  basis  of  the  above  mathematical  model,  general  numerical  solution  for  the 
differential  equations  and  computer  codes  have  been  successfully  developed.  Predicted  results  show  that  there 
is  a  diffusion  flame  at  the  centre  of  the  pre-combustor  which  has  remarkable  effect  on  the  combustion  process  m 
the  glass  melting  furnace.  Compared  with  the  calculations  under  uniform  inlet  parameters,  the  results  show  that 
the  flame  becomes  longer,  while  the  temperature  and  the  velocity  become  higher. 

1,  INTRODUCTION 

The  <^lass  melting  furnace  is  an  important  engineering  unit  in  which  there  are  complex  physical,  chemical,  heat 
and  mass  transfer  process.  The  glass  melting  furnace  typically  consists  of  a  melting  glass  tank  and  a  combustion 
chamber.  The  heat  transfer  from  the  combustion  chamber  to  the  surface  of  molten  glass  has  significant  effects 
on  the  flow  pattern  of  molten  glass.  It  affects  the  glass  quality  and  productivity  and  energy  consuming, 
therefore  it  is  of  the  utmost  importance  to  furnace  designers  and  operators.  Heat  release  from  the  combus  ion 
chamber  not  only  provides  the  heat  for  batch  melting,  but  also  provides  the  driving  force  for  molten  glass  flow. 
The  molten  glass  flow  in  the  glass  tank  is  typical  heat  driven  while  the  temperature  gradient  is  the  driving  force. 
In  the  glass  tank,  the  molten  glass  can  be  divided  into  two  re-circulating  flow  regions  according  to  the  position 
of  hot  spots.  One  of  the  re-circulating  flow  regions  is  in  the  batch  melting  zone.  It  is  called  the  melting  re- 
circulatint^  region.  The  other  re-circulating  flow  region  is  in  the  molten  glass  cleaning  zone  which  is  called  the 
cleaning  re-circulating  region.  The  size  of  each  re-circulating  region  affects  the  glass  quality.  If  the  melting  re¬ 
circulating  region  is  too  small,  the  batch  melting  process  is  not  be  complete  and  causes  stripe  drawback  of  glass 
oroduction.  On  the  other  hand,  if  the  cleaning  re-circulating  region  is  too  small,  bubbles  formed  in  the  batch 
melting  process  do  not  have  sufficient  time  to  escape  from  the  molten.  Bubbles  entering  the  working  tank 
following  the  molten  glass  will  cause  the  bubble  drawback  of  glass  production.  Therefore  these  two  re- 
circulatii  regions  have  important  effects  on  the  quality  of  glass  production.  The  cl^ify  of  these  two  re- 
circulatinc^  regions  mainly  depend  on  the  position  of  the  hot  spots  whose  positions  depend  on  the  shape  and  the 
temperature  of  the  combustion  fire  in  the  furnace  chamber.  It  is  thus  necessary  to  investigate  the  combustion 
process  in  the  glass  melting  furnace  combustion  chamber. 

Existing  technology  for  designing  industrial  glass  melting  furnace  is  primarily  empirical  and  cannot  be  logically 
extended  to  study  different  effects,  such  as  inlet  conditions,  effects  of  pre-combustor  or  chamber  geometry,  on 
furnace  performance.  In  the  past  two  decades,  with  the  development  of  computer  technology  and  the 
development  of  the  numerical  methods  of  heat  transfer,  fluid  dynamics  and  combustion,  computational  methods 
in  fluid  flow  and  heat  transfer  have  been  applied  to  the  simulation  of  complex  and  practical  combustion  system. 
As  for  glass  melting  furnace,  the  primary  numerical  modeling  of  glass  furnace  mainly  focused  on  the  mo  ten 
class  flow  in  the  tank  [1].  Zhao  [2]  developed  a  heat  transfer  model  and  batch  model  of  melting  glass  flow  As 
for  numerical  simulation  of  combustion  chamber,  Gosman  et  al  [3]  developed  a  mathematical  model  for 
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modeling  the  flow  field  and  heat  transfer  in  the  combustion  chamber  of  a  glass  furnace.  Carvalho  et  al  [4,5] 
recently  proposed  a  comprehensive  model  incorporating  combustion  model,  molten  glass  flow  and  heat  transfer 
model,  batch  model  and  pollution  model  for  soot  formation  and  nitric  oxide  (NO)  emission  together  to  solve  the 
internal  process  in  a  glass  tank  and  combustion  chamber. 

2.  MATHEMATICAL  MODEL 

In  this  paper,  numerical  modeling  of  flow  pattern  and  heat  transfer  in  a  combustion  chamber  of  horseshoe-fire 
shape  melting  glass  furnace  is  presented.  The  comprehensive  mathematical  model  is  developed  for  simulating 
turbulent  gas  combustion.  The  two-equation  k-e  turbulence  model  and  EBU-Arrhenius  combustion  model  were 
incorporated  into  the  comprehensive  model.  As  for  radiation  heat  transfer  model,  the  six  heat-flux  model  [6] 
were  used.  In  Cartesian  coordinates,  the  time-averaged  three  dimensional  gas  phase  equations  can  be  written  in 
the  following  generalized  form 


d  X 


_d_ 
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1+  ^ 
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where  (p  is  the  dependent  variable,  is  the  effective  diffusion  coefficient,  is  the  source  term  of  gas  phase, 
cp,  r^,S(p  are  given  in  Table  1. 


Table  1.  Source  Terms  in  Gas  Phase  Governing  Equations 
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The  generalized  governing  equations  of  radiation  heat  flux  are  given  as  follows 


-^(apucp)-F^  (apv(p)-f (apwcp)  =  ^ 
dx  dy  dz  dx 


dtp 


<px  3, 


^  d  tp 
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where  a,(p,r^x’r^y’r,pz,S^  are  given  in  Table  2. 


Table  2.  Source  Terms  in  Radiation  Heat  Transfer  Equations 
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Both  gas  phase  conservation  equations  and  radiation  heat  transfer  flux  governing  equations  have  the  same  form 
where  the  convection  term  is  the  sum  of  the  diffusion  term  and  the  source  term.  Finite  difference  numerical 
method  is  used  for  solving  the  above  equations.  A  staggered  grid  system  with  upwind-difference  scheme  is 
employed,  while  integrating  the  above  equations  in  the  computational  cell.  The  generalized  finite-difference 

equation  can  be  written  as 


ap<Pp  =  aEtpe  +  a^cpw  +  SmCPn  -i-  asCPs  +  axCPx  +  +  b  . 


(3) 


The  gas  phase  is  solved  using  the  SIMPLE  algorithm,  i.e.  p-v  corrections  with  TDMA  line-by-line  iterations.  In 
Table  1,  where  G|:  is  the  production  term  in  the  transport  equation  of  turbulent  kinetic  energy,  which  can  e 


expressed  as  Gj;  =  Px 


^  9  Vj  ^  d  Vj  ^ 


^  ,  and  px  is  gas  phase  turbulent  viscosity,  the  effective  viscosity  Pe  ‘S 

d  Xj  ’ 
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defined  as  p  +  Px  ,  where  Px  =Cppk7E-  For  turbulent  gas  combustion,  the  conventional  EBU-Arrhenius 
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is  used  with 
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In  Table  2,  a  is  absorption  coefficient  for  gas  phase,  s  is  the  scattering  coefficient  of  the  gas  phase.  In  the 
calculation  of  gas  phase  combustion,  the  values  of  a  and  s  are  set  as  0.1  and  0.01  respectively.  The  absorpPon 
coefficient  for  the  chamber  wall  is  0.85. 


3.  PREDICTED  RESULTS  IN  PRE-COMBUSTOR 


Fig.l  shows  a  schematic  diagram  of  the  pre-combustor  of  the  melting  glass  furnace  combustion  chamber  The 
chamber  is  of  horseshoe-fired  regenerative  kind.  Air  is  preheated  to  1050  C,  and  fuel  is  preheated  to  1080  C. 
The  preheated  air  is  injected  with  a  velocity  of  10.2  m/s  into  the  pre-combustor  at  the  upper  inlet.  The  upper 
inlet  is  at  an  angle  of  20“  with  the  horizontal  plane.  The  fuel  inlet  has  a  angle  of  45  in  the  lower  part  of  the  pre¬ 
combustor.  The  pre-combustor  is  1400  mm  long,  357.9  mm  high  and  870  mm  wide.  Flow  rate  of  the  fuel  is  set 
at  1800  Nm^/h.  Fuel  composition  and  inlet  conditions  are  given  in  Table  3. 


Fio  2  shows  the  velocity  vectors  in  the  pre-combustor.  Predicted  results  show  that  there  is  a  low  velocity  region 
in'the  head  of  the  pre-combustor.  Above  and  below  this  low  velocity  region  are  air  inlet  and  fuel  inlet 
respectively.  The  air  and  fuel  begin  to  mix  and  combustion  takes  place  in  this  region.  This  low  velocity  region 
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enhances  stabilization  of  the  diffusion  flame.  Air  velocity  at  the  inlet  is  set  at  10.2  m/s  and  fuel  velocity  is  set 
at  7.28  m/s.  Flow  direction  is  therefore  towards  the  lower  part  of  the  pre-combustor  due  to  the  high  velocity  of 
air  jet.  Results  show  that  the  gas  phase  velocity  is  non-uniform  at  the  exit  of  the  pre-combustor.  At  the  lower 
part  of  the  pre-combustor,  maximum  gas  velocity  is  26.1  m/s,  while  at  the  upper  part  of  the  pre-combustor,  gas 
velocity  is  only  15.9m/s. 

Fig.3  shows  the  temperature  distribution  in  the  pre-combustor.  As  the  air  and  the  fuel  mix  at  the  head  of  the 
pre-combustor  forming  a  typical  diffusion  flame  towards  the  lower  part  of  the  pre-combustor.  At  the  exit  of  the 
pre-combustor,  the  temperature  distribution  is  non-uniform  with  maximum  gas  temperature  of  1800K,  which  is 
much  higher  than  the  value  of  preheating  temperature  of  1050°C. 


Fig.l.  Configuration  of  the  pre-combustor 
Table  3.  Composition  and  Inlet  Conditions  of  Generator  Gas 


CH4  (%) 

CO  (%) 

CO2  (%) 

H2  (%) 

N2  (%) 

Temperature  (°C) 

Velocity  (m/s) 

3.58 

21.08 

3.22 

2.38 

69.74 

1080 

7.28 

Fig.2.  Velocity  vectors  in  pre-combustor 


Fig.3.  Temperature  distribution  in  the 
precombustor 


Fig.4  gives  the  concentration  distribution  of  methane  (CH4)  and  the  mass  fraction  of  methane  is  3.58%  at  the 
inlet.  It  can  be  seen  that  the  concentration  of  methane  is  about  3.0%  in  the  lower  part  of  the  pre-combustor, 
while  it  is  less  than  0.002  in  the  upper  part  of  the  pre-combustor.  This  indicates  that  the  diffusion  and  mixing  is 
not  complete  due  to  the  short  residence  time.  In  the  upper  part  of  the  pre-combustor,  there  is  a  lean-fuel  zone, 
while  in  the  lower  part  of  the  pre-combustor  there  is  a  rich-fuel  zone.  This  kind  of  distribution  can  also  been 
found  in  the  concentrations  of  carbon  monoxide  (Fig.5)  and  hydrogen  (Fig.6). 


Fig.7  shows  the  concentration  distribution  of  oxygen  as  the  air  is  injected  into  the  pre-combustor  from  the  upper 
inlet.  Oxygen  concentration  is  higher  in  the  upper  region  of  the  pre-combustor  having  a  value  of  about  20%.  In 
general,  the  species  concentration  at  the  exit  of  the  pre-combustor  is  non-uniform,  which  indicate  that  the  inlet 
condition  of  the  combustion  chamber  cannot  be  assumed  to  be  uniform.  In  fact,  the  flame  formed  in  the 
combustion  chamber  is  the  development  of  diffusion  flame  in  the  pre-combustor. 
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Fig.5.  Concentration  of  CO 


Fig.6.  Concentration  of  Hydrogen  Fig.7.  Concentration  of  Oxygen 

4.  PREDICTED  RESULT  IN  GLASS  MELTING  FURNACE  CHAMBER 


On  the  basis  of  numerical  results  of  the  pre-combustor,  numerical  simulations  of  glass  melting  furnace 
combustion  chamber  was  carried  out.  Fig.8  shows  the  configuration  of  the  melting  glass  furnace  combustion 
chamber.  The  inlet  and  exit  are  all  arranged  at  the  end  of  the  combustion  chamber  with  the  inlet  of  the  chamber 
being  the  exit  of  the  pre-combustor. 


Fig.8.  Configuration  of  glass  melting  furnace  combustion  chamber 

Two  cases  of  inlet  conditions  are  investigated.  One  case  is  the  so-called  uniform  inlet  condition  which  assumes 
that  the  air  and  generator  gas  are  well-stirred.  The  species  concentration,  gas  temperature  and  velocity  are 
assumed  uniform  at  the  inlet.  Another  case  is  non-uniform  inlet  condition  in  which  the  inlet  temperature, 
species  concentration  and  velocities  are  given  by  the  calculation  of  the  pre-combustor.  Values  at  the  exit  of  the 
pre-combustor  are  used  as  values  at  the  inlet  of  the  combustion  chamber. 

Fig. 9  shows  the  velocity  vectors  in  the  X-Y  plane  of  the  combustion  chamber.  Fig.9  (a)  gives  predicted  results 
at  uniform  inlet  conditions.  At  the  inlet  of  the  chamber,  mean  gas  velocity  is  taken  to  be  18.5  m/s.  It  can  be 
seen  that  there  is  a  re-circulating  zone  in  the  upper  part  of  the  chamber.  Ahead  of  the  chamber,  there  is  a 
reverse-flow  zone  with  length  of  about  2  metres.  The  main  injection  flow  zone  is  about  5  metres  long.  Fig.9  (b) 
gives  results  at  non-uniform  conditions.  At  the  inlet  of  the  chamber,  the  maximum  velocity  is  26.1  m/s  and  the 
minimum  velocity  is  16.1  m/s  with  mean  velocity  at  the  inlet  of  the  combustion  chamber  of  23.5  m/s  which  is 
higher  than  the  mean  velocity  of  the  uniform  inlet  condition.  Compared  with  results  under  uniform  conditions, 
the  main  injection  flow  zone  is  longer,  the  upper  re-circulating  zone  is  also  larger  and  stronger,  and  the  reverse 
flow  zone  smaller  and  weaker.  Fig.  10  shows  the  concentration  of  carbon  monoxide  (CO)  in  the  X-Z  plane  of 
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combustion  chamber.  Fig.  10  (a)  and  Fig.  10  (b)  give  results  at  uniform  and  non-uniform  conditions  respectively. 
Results  indicate  that  the  length  of  carbon  monoxide  combustion  region  is  shorter  with  non-uniform  inlet 
condition  than  with  uniform  inlet  condition  in  this  central  inlet  section.  With  uniform  inlet  conditions,  gas 
combustion  begins  at  the  inlet  of  the  chamber,  while  with  non-uniform  inlet  conditions,  gas  combustion  begins 
in  the  pre-combustor. 


9  (a)  with  uniform  inlet  conditions 


9  (b).with  conditions  of  pre-combutor 


Fig.9.  Velocity  vectors  distribution  in  the  X-Y  plane  of  the  combustion  chamber 


10  (a),  with  uniform  inlet  conditions 


10(b).  with  conditions  of  pre-combustor 


Fig.lO.  Concentration  of  carbon  monoxide(CO)  in  the  X-Z  plane  of  the  combustion  chamber 


11(a).  with  uniform  inlet  conditions 


11(b).  with  conditions  of  pre-combustor 


Fig.ll.  Temperature  distributions  in  the  X-Z  plane  of  the  combustion  chamber 

Fig.  1 1  shows  the  temperature  distribution  in  the  X-Z  plane  of  combustion  chamber.  Fig.  1 1  (a)  and  Fig.  1 1  (b) 
give  results  with  uniform  and  non-uniform  conditions  respectively.  It  can  be  seen  that  the  existing  combustion 
flame  is  near  the  inlet  side.  Compared  with  the  uniform  inlet  conditions,  the  predicted  temperature  is  higher 
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with  non-uniform  inlet  conditions  having  a  maximum  temperature  is  about  2300K.  The  flame  also  becomes 
longer  and  the  high  temperature  region  extends  to  the  head  of  the  chamber. 

5.  CONCLUSIONS 

Results  show  that  the  gas  phase  velocity  distribution,  temperature  distribution  and  species  concentration 
distributions  are  non-uniform  at  the  exit  of  the  pre-combustor.  There  is  a  diffusion  flame  at  the  centre  of  the 
pre-combustor.  Velocity  and  temperature  have  maximum  values  along  the  centre  line  of  the  pre-combustor. 
Compared  with  calculations  under  uniform  inlet  parameters  and  considering  the  non-uniform  inlet  condition 
calculated  from  the  pre-combustor,  the  predicted  results  of  combustion  chamber  show  that  the  flame  becomes 
longer  while  the  temperature  and  velocity  become  larger,  the  high  temperature  region  extends  to  the  head  of  the 
combustion  chamber. 
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ABSTRACT:  On  the  basis  of  the  pure  two-fluid  model  for  turbulent  reacting  gas-particle  flows  with 
combusting  pulverized  coal  particles,  a  new  comprehensive  model  for  pulverized  coal  combustion  was 
developed  by  incorporating  a  modified  k-e-kp  model,  a  general  model  of  pulverized  coal  devolatilization  and  a 
general  model  of  char  combustion.  Both  gas-phase  and  particle-phase  conservation  equations  are  described  in 
the  Eulerian  coordinates,  and  these  equations  are  integrated  in  the  computational  cell  to  obtained  finite- 
difference  equations.  As  the  first  stage  of  numerical  modeling  of  pulverized  coal  combustion  in  the  cyclone 
furnace,  three  dimensional  simulation  of  turbulent  gas  combustion  and  gas-particle  flows  have  been  made. 
Predicted  results  show  that  there  is  a  near  wall  re-circulating  zone  at  the  bottom  of  the  cyclone  furnace,  and  the 
re-circulating  zone  enhances  ignition  and  flame  stabilization.  Results  of  tangential  velocity  distribution  of  both 
gas  phase  and  particle  phase  are  similar  to  those  of  the  Rankine  vortex. 

1.  INTRODUCTION 

Simulation  of  pulverized  coal  combustion  process  involves  modeling  a  number  of  complex  simultaneous 
interdependent  processes.  The  comprehensive  model  must  account  for  turbulent  gas-particle  flow,  gas  phase 
combustion,  coal  particle  mass  change  due  to  moisture  evaporation,  devolatilization  and  char  combustion,  NO^ 
formation,  and  radiative  heat  transfer.  It  is  most  difficult  to  model  the  reacting  coal  particles  and  their  effect  on 
the  gas  phase.  In  treating  the  particle  phase  for  modeling  pulverized  coal  combustion,  most  of  current  models 
adopt  Lagrangian  treatment  of  particles  (Lockwood  et  al  [1],  Papadakis  and  Bergeles  [2],  Coimbra  et  al.[3]).  In 
using  particle  trajectory  model,  it  is  easy  to  simulate  the  combusting  coal  particle  history,  despite  requiring  a 
large  amount  of  particle  trajectories  for  comparing  with  experimental  data.  Fiveland  and  Wessel  [4]  developed 
an  Eulerian  model  for  pulverized  coal  combustion  by  neglecting  the  velocity  slip  between  the  gas  phase  and  coal 
particle  phase.  They  also  assumed  that  the  temperature  of  coal  particle  phase  is  equal  to  the  temperature  of  gas 
phase.  The  temperature  of  the  gas-particle  mixture  can  be  obtained  by  solving  the  overall  energy  equation. 

In  this  paper,  a  pure  two-fluid  model  for  reacting  gas-particle  flows  is  developed,  using  unified  Eulerian 
treatment  for  both  gas  phase  and  particle  phase.  Both  velocity  slip  and  temperature  slip  between  coal  particles 
and  gas  phase  are  calculated  by  solving  momentum  equations  and  energy  equations  of  gas  phase  and  particle 
phase  respectively.  Besides,  a  modified  k-£-kp  two-phase  turbulence  model,  a  second-order  moment 
turbulence-chemistry  model  for  formation,  and  a  general  model  of  pulverized  coal  devolatilization  and  a 
general  model  of  char  combustion  were  incorporated  into  the  comprehensive  model.  For  volatile  and  CO 
combustion  and  radiative  heat  transfer,  conventional  EBU-Arrhenius  model  and  six  heat-flux  model  were  used. 

2.  GOVERNING  EQUATIONS  AND  CLOSURE  MODELS 

The  basic  idea  of  the  pure  two-fluid  model  is  to  consider  the  particle  phase  as  a  pseudo-fluid  interpenetrating 
with  the  gas  phase.  The  basic  assumptions  are: 

(1)  at  each  location  of  the  flow  field,  particle  phase  and  gas  phase  coexist  and  interpenetrate  into  each  other, 
each  having  its  own  velocity  and  temperature. 


1515 


(2)  each  particle  phase  is  identified  by  its  initial  size  distribution  which  has  its  own  continuous  velocity  and 
temperature  distribution  in  space. 

(3)  besides  the  mass,  momentum  and  energy  interaction  with  the  gas  phase,  each  particle  phase  has  its  own 
turbulent  fluctuation  resulting  in  particle  turbulent  transport  of  mass,  momentum  and  energy.  This  particle 
fluctuation  is  determined  by  convection,  diffusion,  production  and  interaction  with  gas  phase  turbulence. 

(4)  for  dilute  particulate  suspensions  the  particle-particle  collision  effect  can  be  neglected. 

Based  on  the  above  assumptions,  adopting  a  modified  k-£-kp  two-phase  turbulence  model,  the  time-averaged 

equations  of  gas  phase  and  particle  phase  in  Eulerian  coordinate  can  be  obtained  as  the  following. 

Gas  phase  continuity  equation 


-^(pVj)=-Xnkmk 

dXj  k 

The  term  on  the  right-hand  side  of  Eq.(l)  expresses  the  coal  particle  mass  change  due  to  moisture  evaporation, 
daf  (dry  and  free)  coal  devolatilization  and  char  combustion. 


Gas  phase  momentum  equation 


d  /  \  9p 

(pv.vj=-  — 


9  X: 


3xi  d : 


9xi 


-l-- 


9  X  i 


9Vi 
9  X; 


+  pgi  -I— (vi-Vki)-ViXnkmk 

k  Trk  k 


(2) 


The  last  two  terms  on  the  right-hand  side  of  Eq.(2)  are  source  terms  due  to  interaction  between  the  gas  phase 
and  particle  phase,  the  fifth  term  is  volume-averaged  particle  drag  force,  where  is  bulk  density  of  raw-coal 
particle  phase,  and  is  the  relaxation  time  for  particle  mean  motion,  which  can  be  expressed  as 


Trl-  =- 


dkPp 


18p 


1  + 


ReO.6667  ) 


-1 


(3) 


dj.  is  the  diameter  of  k-group  coal  particles,  pp  is  material  density  of  raw-coal  particle  phase  and  Re^  is  the 
Reynolds  number  of  particle-gas  relative  motion,  which  can  be  expresses  as 


Re^ 


(4) 


Gas  phase  turbulent  kinetic  energy  equation 


^(pvjk)= 


9  xj 


9  x ; 


fie  9  k 


Ok  9xj 


-t-Gj.  —  p8-t-Gp  +  Gi 


(5) 


where  Gj.  is  the  production  term,  which  can  be  expressed  as:  G^  —  Px 


9  Vj  9 


H" 

^9xj  9x 


9  V: 


9  Xi 


- ,  and  p-e  is  the 


effective  viscosity  defined  as  p  -t-  Pj  where  Pj  —  C^pk^/c  is  the  gas  phase  turbulence  viscosity.  The  last  two 
terms  on  the  right-hand  side  of  Eq.(5)  are  source  terms  due  to  interaction  between  the  gas  phase  and  particle 

phase,  Gp  =1— (Cp^i^-k),  where  k^  is  k-group  particle  phase  turbulent  kinetic  energy,  and  Cp  is 


^  ’^rk 
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empirical  modeling  constant  which  has  the  value  of  0.75,  the  last  term  Gr  =  -k^n^rnR  is  the  production  term 

k 

due  to  mass  change  of  coal  particles. 

Gas  phase  turbulent  kinetic  energy  dissipation  rate  equation: 


—  fov  el 

8xj 

[c,  3x,J 

+  7  [c.Gk  -  C2  (l  -  ]t)£]+  ^C,  (Gp  +  Gr  ) 


(6) 


For  strongly  swirling  flows,  it  is  necessary  to  modify  the  e -equation  using  a  modified  source  term,  adopting  the 

k^wr3w  w^ 

treatment  suggested  by  Launder  et  al  [5],  where  Rj„5  - H - . 

“  £^  r  9  r  r  J 


Gas  phase  thermal  enthalpy  equation 


—  (>Vjh)=-— 
dXj  dXj 


C7h  9x 


V 


+  W3Q,+2a, 


Zqrj  -3Et 


-ZnkQk  -IikmkCpkTk 

k  k 


(7) 


In  the  right-hand  side  of  Eq.(7),  there  are  diffusion  term  of  thermal  enthalpy,  heat  release  from  gas  phase 
turbulent  combustion,  radiative  heat  transfer  of  gas  phase,  convective  heat  transfer  between  coal  particles  and 
gas  phase,  and  energy  source  term  of  phase  change  due  to  evaporation,  devolatilization  and  char  combustion. 


where  =  7tdkNui,A,3(T  -  TJ- 


,  and  Nur  =2  +  0.5 Rcr^  .  In  the  case  where 


TtdkNuR^ij 


exp(Bk)-l 

coal  particle  temperature  is  different  from  that  of  the  gas  phase,  the  so-called  1/3  Law  is  used  for  calculating  the 
thermoconductivity  and  specific  heat  Cp^  near  the  boundary  layer  of  coal  particles.  As  for  radiative  heat 


transfer,  six  heat-flux  model  is  used,  the  governing  equation  for  the  radiative  heat  flux  in  the  I-th  direction  q^  is 
given  as 


d 

dX: 


^  ^  dq^  ^ 

a  +  s  dx: 

V  '  y 


^g('?ri  E(,g)+^(2qfi  q^j  ^rk)"^  ^k(*Iri  Ejjr  ) 


(8) 


where  a  a^ -I- a^  ,  s  =  Sg -I- Sr  ,  a^  =  Q^r  —  n^d^  ,Sr  =  — n^d^ .  ag  and  aR  are  absorption  coefficient  for 

the  gas  phase  and  particle  phase  respectively,  Sg  and  Sr  are  scattering  coefficient  of  the  gas  phase  and  particle 
phase,  Q,r  is  efficiency  factor  for  absorption  of  particle  radiation  and  Qjr  is  efficiency  factor  for  scattering  of 
particles. 


Gas  phase  species  mass  fraction  equation: 


8  file 

8  X:  ay  8  X: 


-Wj  -a.^nRirik 

k 

J 


(9) 


For  volatile  (assuming  that  the  volatile  is  Methane)  and  CO  combustion,  the  conventional  EBU-Arrhenius 
model  is  used  and  =  min(W5  ^ ) ,  where 


W, 


S.EBU 


CrP  — min 

e 


Yf,- 


,W, 


s.  An 


/ 

=  EsYpYp^  exp 

V 
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The  last  term  on  the  right-hand  side  of  Eq.(9)  is  the  source  term  due  to  mass  change  of  coal  particles,  is  the 
fraction  of  contribution  of  s-species  in  phase  change. 

As  for  NOx  formation,  most  of  the  nitrogen  oxides  emitted  to  the  atmosphere  by  combustion  are  in  form  of 
nitric  oxide  (NO).  Two  mechanisms  of  nitric  oxide  formation  are  considered,  thermal  NO  and  fuel  NO. 
Thermal  NO  is  predicted  using  the  Zeldovich  mechanism.  The  fuel  NO  formation  is  described  by  a  global 
mechanism  explicit  only  in  HCN,  NO,  and  N2.  The  fuel  NO  formation  mechanism  is  shown  as  follows 


Coal  Nitrogen  — ^  HCN 


Char  surface  reaction 


The  reaction  rate  for  HCN  is  Whcn  =  (Wq  -  W;  -  W2)Mhcn  -  and  the  source  term  for  NO  can  be  written  as 
Wno  =  (Wi  -  W2  -W3)Mno  +  W4  ,  where  Wg  =  aNiiik/MN  . 


^Yhcn^m 

f  Y02MM 

Mhcn 

1  M02 

67.0kcal 


W2  =p{3xl0'^) 


Yhcn^m  f  YnpMm. 


{  bO.Okcal  V,  r-  \ 

exp  — ^:^P  +  F2) 


W3  =  4.18xl0nkmkAEPr.,o  exp  - 


34.7kcal 


W.  =  839X10'V‘  Vl  +  F,) 


Using  a  second-order  moment  to  account  for  turbulence-chemistry  interaction  for  NO,;  formation,  the  time- 
averaged  reaction  for  thermal  NO,  F3  can  be  modeled  as: 


P  YN2Y02 ,  E 

RT^RT  ^  T 


T'Yo2  T  Yn2 

-I- - A  + - ^ 

TY02  TYn2 


The  correlations  are  modeled  using  gradient  assumptions.  The  algebraic  expressions  can  be  written  as 
— —  ^  k>aYH, 

YnjYo,  -Cv  .  o,  y  J  3  3  . 

^  J  J  J  J 


T’Yn,  =Cy 


k^  0T 

9xj  3xj 


,  T  =Cy  — 


k^  aT 


The  terms  F,  and  F,  can  be  modeled  in  a  similar  way.  The  heterogeneous  char/NO  reaction  rate  is  not  fast. 
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therefore  effects  of  turbulence  on  char  surface  reaction  rate  is  neglected. 
Particle  phase  number  density  equation: 


3  Xj 


(nkVkj)  = 


3  X  ; 


Yk  3ni 


3  X: 


(15) 


Particle  phase  (raw  coal)  bulk  density  equation: 


3  X  i 


)-  ^ 

(  \ 

Yk  apk 

‘  3xj 

3xj  J 

+  ni.m 


(16) 


Daf  coal  bulk  density  equation: 


3  X: 


tdkVkj)=- 


)=  — 

(  \ 

Yk  5pdk 

3  Xj 

3xj  J 

+  n 


(17) 


coal  particle  moisture  bulk  density  equation: 


3xj  3xj 


Yk  ^Pwk 

Op  3  Xj 

V  P  J  y 


+  ni,m„ 


(18) 


As  the  bulk  density  of  coal  particle  phase,  =  n,.m,. ,  by  solving  Eq.(15)  and  Eq.(16),  the  mass  mj^  of  a  single 
coal  particle  can  be  obtained.  Similarly,  by  solving  Eq.(17)  and  Eq.(18),  the  daf  coal  mass  and  moisture  content 
can  be  calculated.  Therefore,  Eq.(15)  to  Eq.(18)  reveal  the  mass  change  due  to  moisture  evaporation,  daf  coal 
devolatilization  and  char  combustion.  The  total  rate  of  change  of  mass  is  the  sum  of  the  devolatilization  rate, 
the  char  reaction  rate  and  the  moisture  evaporation  rate  and  can  be  expressed  as 


m^  —  m^j.  +m(,|^  +m^„i. 


*wk 


(19) 


where  rh^|.  is  moisture  evaporation  rate,  which  can  be  determined  as  rh^j,^  = -7cd,.Nui^Dp  In  1  + 


Y  -Y 

*  ws  wg 

1-Y„,. 


Y^s  -  B  exp^  ^]^T  j  fraction  of  vapor  at  the  surface  of  coal  particles  Y^g  is  the  mass  fraction  of 

vapor  in  the  calculation  grid. 

Using  the  general  model  of  pulverized  coal  devolatilization  suggested  by  Fu  et  al.[6],  the  devolatilization  rate  of 
daf  coal  can  be  obtained  as: 


ntdk  ~  nK 


daf  ,0^0 


v„ 


m 


daf.O  *^daf 


‘daf.O 


r  F  ^ 

■^v 

exp 

) 

RTu 

^  ^  J 

(20) 


The  general  devolatilization  model  assumes  that  the  kinetic  parameters,  Ey  and  Kq  are  independent  of  coal 
type  and  depend  only  on  the  final  temperature  of  coal  particles.  The  final  temperature  can  be  taken  as 


=  1.2V0j  exp 


2x10® 


R(Tg-To? 


(21) 
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The  heterogeneous  reaction  rate  of  char  can  also  be  determined  using  a  general  model  developed  by  Fu  and 
Zhang  [7],  The  overall  rate  of  char  combustion  is 


riick  =-TOlkKo,chPsYo2,sexp(-E/RTj^ 


(22) 


in  which  the  activation  energy,  E ,  is  independent  of  coal  properties  and  only  varies  with  the  temperature  of  the 
char  particle.  However,  the  frequency  factor  of  char  oxidation,  Ko,ch  >  dependent  on  coal  properties  during 

combustion.  A  value  of  E  =  180kJ/mol ,  a  constant  in  the  oxidation  of  coal  char  in  air  is  used. 

Particle  phase  momentum  equation; 


d  Xj 


kVkjV 


Pk 


9vkj  ^ 


Pk- 


j 


+  ^(V| 


ki)^ 


d  X  : 


Tk  Pk 

Vkj— — +v 


Id 


Tk  Pk 

Cp  dXj 


+  Vinkmk+Pkg 

(23) 


Particle  phase  thermal  enthalpy  equation: 


3  X; 


(pkVkjhk)=- 


ro 

1 

Vk  3hk  ' 

dXj 

[o,  dx,  J 

+  Qrk  +nkQck  +nkQk  +hknkmk 


(24) 


where  hk  =  CpkTk  and  Q^k  the  radiative  heat  transfer,  Q^k  =  2ak 
by  heterogeneous  reaction  on  the  coal  particle  surface. 

Particle  phase  turbulent  kinetic  energy  equation 


Iqri-3E 


bk 


,  Qck  is  the  heat  released 


d  X: 


(pkVkjkk)  =  - 


Pk  9  kk 

^  d 

f,.  Tk  9Pkl 

[ap  dxj  J 

d  Xj 

!  CTpdXjJ 

+  Gpk+Ggk 


(25) 


'j  ““j 

The  particle  phase  turbulent  kinetic  energy  is  determined  by  convection,  diffusion,  production  and  the 
interaction  with  gas  phase  turbulence.  Gpk  is  the  production  term  of  particle  phase,  which  can  be  expressed  as: 


Gpk  =Pk 


9  Vki  ,  ^ 

d  X;  d  X: 


d  X  : 


.  Using  the  kp  model  to  model  the  particle  phase  turbulence,  the  particle  phase 


turbulent  viscosity  is  determined  as  p,  k  -  G  |a,p  P  k  k  “  ^  k  /e  The  last  term  on  the  right-hand  side  of  Eq.(25) 
is  the  source  terms  due  to  interaction  between  the  gas  phase  and  particle  phase. 


Ggk  =^(c^7i^-kk)+(2C^Vi^-kkKmk  + 

'trl' 


^(v,. 


)5pk 

dx: 


(26) 


For  the  pure  two-fluid  model,  the  gas  phase  and  particle  phase  have  separate  momentum  equations i  thermal 
enthalpy  equations  and  turbulent  kinetic  energy  equations.  Velocity  slip  and  temperature  slip  between  the  gas 
phase  and  particle  phase  can  be  predicted.  Each  particle  phase  has  a  set  of  governing  equations  describing 
particle  mass,  momentum  and  energy  diffusion. 

3.  NUMERICAL  SOLUTION  PROCEDURE 

Both  gas-phase  and  particle-phase  conservation  equations  in  the  Eulerian  coordinates  are  integrated  in  the 
computational  cell  to  obtained  finite-difference  equations.  The  gas-phase  equations  are  solved  using  the 
SIMPLE  algorithm,  i.e.  p-v  corrections  with  TDMA  line-by-line  iterations  and  under-relaxations.  Similar 
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procedure  is  used  for  the  particle  phase,  but  without  p-v  corrections.  Multiple  iterations  between  gas  phase  and 
particle  phase  are  adopted  based  on  two-way  coupling  between  Eulerian  gas  and  Eulerian  particles. 

4.  PREDICTED  RESULT  AND  DISCUSSION 


As  the  first  stage  of  numerical  modeling  of  pulverized  coal  combustion  in  the  cyclone  furnace,  three 
dimensional  simulation  of  turbulent  gas  combustion  and  gas-particle  flows  have  been  made.  The  configuration 
of  cyclone  furnace  and  the  inlet  conditions  are  shown  in  Fig.l.  The  inlet  temperature  of  primary  air  and 
secondary  air  is  300K  and  the  inlet  velocity  is  along  the  tangential  direction  of  the  furnace.  A  single  group  coal 
particles  with  the  diameter  of  60  pm  are  calculated.  The  mass  flow  rate  of  particle  phase  to  gas  phase  is  taken 
as  0.09.  Five  species  are  considered  in  turbulent  gas  combustion,  there  are  CH4,  O2,  CO,  COj  and  H2O. 


Fig.  1.  Configuration  of  cyclone  furnace 
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Fig.  2.  Gas  and  particle  phase  velocity  vectors 


Fig.2  is  the  gas  phase  and  particle  phase  velocity  vector  distribution  under  the  condition  of  the  gas  phase 
combustion.  It  can  be  seen  that  both  the  gas  phase  and  particle  phase  have  large  axial  velocities  in  the  centre  of 
the  furnace  compare  with  the  near  wall  region.  For  isothermal  flow,  axial  velocities  of  gas  phase  and  particle 
phase  are  all  small  in  the  centre  of  the  furnace.  From  the  distribution  of  gas  phase  and  particle  phase  velocity 
vectors,  it  can  also  be  seen  that  there  is  a  large  velocity  slip  between  the  gas  phase  and  particle,  especially  in  the 
radial  direction.  Compared  with  the  gas  phase  radial  velocity,  the  particle  phase  radial  velocity  is  much  larger 
due  to  the  eentrifugal  force.  At  the  bottom  of  the  cyclone  furnace,  results  show  that  there  is  a  re-circulating 
zone  near  the  wall,  this  re-circulating  zone  enhances  ignition  and  flame  stabilization.  Fig.3  shows  the  axial 
velocities  of  gas  phase  and  particle  phase.  It  can  be  seen  that  the  particle  phase  axial  velocity  distribution  is 
similar  to  that  of  gas  phase,  indicating  that  the  velocity  slip  in  the  axial  direction  is  small. 


Fig.4  gives  the  tangential  velocity  distribution  of  gas  phase  and  particle  phase.  Results  show  that  the  tangential 
velocity  distribution  of  both  gas  phase  and  particle  phase  was  similar  to  those  of  the  Rankine  vortex. 
Comparing  with  the  particle  phase,  the  gas  phase  has  larger  values  of  tangential  velocities.  Fig.5  shows  the 
bulk  density  distribution  of  particle  phase.  Results  show  that  the  particle  phase  concentration  is  much  higher  in 
the  region  near  the  wall  of  the  furnace  due  to  the  centrifugal  force.  In  the  central  upper  part  of  the  furnace,  the 
particle  concentration  is  nearly  zero,  which  is  a  characteristic  swirling  gas-particle  flows. 

Fig.6  shows  the  gas  phase  temperature  distribution.  The  temperature  changes  rapidly  near  the  wall  of  the 
furnace.  At  the  central  region  of  the  furnace,  gas  phase  temperature  is  nearly  uniformat  about  1700K.  Fig.7 
gives  the  methane  (CH4)  concentration  profile.  At  the  inlet,  the  mass  fraction  of  methane  concentration  is  0.03 
when  it  is  injected  into  the  furnace  at  the  primary  air  inlet  located  at  the  bottom  of  the  furnace.  Velocity  of 
primary  air  is  4.2  m/s.  From  Fig.7,  it  can  be  seen  that  methane  combustion  is  rapid  and  complete  at  the  lower 
part  of  the  furnace. 
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Fig.8  shows  the  carbon  monoxide  (CO)  concentration.  At  the  inlet,  the  mass  fraction  of  carbon  monoxide  is 
0.03  when  it  is  injected  into  the  furnace  not  only  at  the  primary  air  inlet  located  at  the  bottom  of  the  furnace,  but 
also  at  the  upper  secondary  air  inlets.  It  can  be  seen  that  the  rate  of  carbon  monoxide  combustion  is  slow.  At 
the  exit  of  the  furnace,  the  carbon  monoxide  concentration  is  still  about  0.005,  indicating  that  the  combustion 
process  is  not  complete.  Fig.9  shows  the  oxygen  (O2)  concentration  distribution.  The  mass  fraction  of  oxygen 
in  the  central  region  of  the  furnace  is  reduced  due  to  methane  and  carbon  monoxide  combustion,  whereas  it  is 
nearly  uniform  at  the  exit  of  the  furnace  at  about  0.10.  Fig.  10  and  Fig.  11  show  the  combustion  productions 
carbon  dioxide  and  water  vapor  concentration  distributions. 

5.  CONCLUSIONS 

A  comprehensive  numerical  model  for  pulverized  coal  combustion  has  been  developed  on  the  basis  of  pure  two- 
fluid  model  for  reacting  gas-particle  flows.  As  the  first  stage  of  numerical  modeling  of  pulverized  coal 
combustion,  this  model  has  been  applied  to  the  simulation  of  turbulent  gas  combustion  and  gas-particle  flows  in 
a  cyclone  furnace.  Results  show  that  there  is  large  velocity  slip  between  the  gas  phase  and  particle  phase, 
especially  in  the  radial  direction.  Particle  velocities  are  much  large  than  gas  phase  velocities  due  to  the 
centrifugal  force.  In  the  annular  wall  region  of  the  cyclone  furnace,  the  particle  phase  reaches  its  concentration 
peak.  Predicted  results  show  that  there  is  a  near  wall  re-circulating  zone  at  the  bottom  of  the  cyclone  furnace, 
and  the  re-circulating  zone  enhances  ignition  and  flame  stabilization. 
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ABSTRACT.  Most  alternative  fuels  for  internal  combustion  engines  have  low  cetane  numbers.  This  is 
particularly  true  of  natural  gas  (NG)  which  has  excellent  clean  burning  characteristics  and  low  greenhouse  gas 
production.  Compression  ignition  (Cl)  engines  supply  an  increasing  amount  of  the  world's  power  because  of 
their  very  high  efficiency  and  suitability  for  large  units.  However,  low  cetane  number  fuels  such  as  NG  are  not 
suited  to  compression  ignition  because  their  long  ignition  delay  causes  severe  engine  knock.  Nevertheless,  they 
can  be  used  in  Cl  engines  by  adopting  a  mixed  combustion  process  called  dual-fuelling  (DF).  Here,  ignition  of 
the  alternative  fuel  is  stimulated  by  a  pilot  distillate  spray.  When  compared  with  NG  spark  ignition  engines,  die 
DF  process  has  the  added  advantage  of  fuel  flexibility  during  the  development  of  an  alternative  fuel  distribution 
system.  Engine  tests  have  highlighted  many  DF  combustion  problems.  In  this  research  program,  a  constant 
volume  combustion  bomb  and  an  associated  3D  numerical  model  have  been  used  to  examine  the  DF 
combustion  of  NG/air  mixtures.  The  numerical  model  gives  pressure  traces  which  compare  well  with 
experiment.  Using  it.  parametric  studies  illustrate  the  importance  of  the  injection  process  on  the  subsequent  NG 
combustion. 


1.  DUAL-FUEL  ENGINES  AND  THEIR  COMBUSTION  PROBLEMS 

There  is  currently  a  renewed  interest  in  the  practical  application  of  alternative  fuels,  particularly  natural  gas 
(NG),  in  commercial  transport  vehicles.  This  is  not  only  because  NG  is,  compared  to  petroleum  fuels,  a  cheap 
and  abundant  fuel,  but  also  because  it  helps  to  reduce  both  local  and  global  emissions.  Compression  ignition 
(Cl)  engines  have  become  the  main  prime  movers  for  commercial  vehicle  transport  and  small  to  medium  scale 
on-site  power  generation  where  high  efficiency  is  required.  However,  while  NG  has  excellent  clean  burmng 
characteristics  and  low  greenhouse  gas  emissions,  it  has  a  number  of  combustion  problems  which  prevents  its 
direct  use  in  these  engines.  These  include  inadequate  ignition  and  possible  severe  diesel  knock  due  to  its  long 
ignition  delay  (from  its  low  cetane  number)  and  poor  flame  propagation  and  possible  flame  quench  in  the  pre¬ 
mixed  fuel/air  regions  because  of  its  slow  burning  characteristics  at  low  NG/air  equivalence  ratios.  These  last 
occur  when  diesel  type,  "fuel/air  ratio"  governing  is  used.  Thus,  throttle  controlled,  spark  ignition  (SI)  NG 
engines  have  been  the  preferred  solution  but  these  have  lower  efficiency  and  cylinder  size  limitations  compared 
widi  diesels.  They  also  experience  fuelling  supply  problems  on  many  routes  due  to  the  lack  of  a  fuelling 
infrastructure  and  cannot  easily  provide  a  retro-fit  solution  to  existing  equipment.  However,  there  is  another 
solution  which  has  the  potential  to  solve  these  problems.  For  this,  NG  (or  any  other  low  cetane  number  fuel) 
can  be  used  in  Cl  engines  as  a  pre-mixed  primary  fuel  with  an  additional  pilot  diesel  spray  to  provide  ignition 
and,  where  necessary,  stimulate  the  burning.  Such  engines  are  commonly  known  as  dual-fuel  (DF)  types.  While 
they  have  existed  for  a  considerable  period  of  time  in  stationary  installations,  they  have  potential  for 
commercial  road  transport.  While  the  DF  system  allows  a  NG  Cl  type  engine  to  operate,  the  mixed  DF 
combustion  process  is  complex  and  requires  an  improved  understanding  to  aid  in  optimising  performance, 
maximising  NG  substitution  levels,  raising  efficiency  and  lowering  emissions,  particularly  at  light  load 
operation. 

In  a  DF  engine,  the  NG  fuel  is  normally  introduced  with  the  intake  air  in  such  a  proportion  that  it  is  outside  the 
auto-ignition  limits  at  the  conditions  prevailing  in  the  cylinder  at  the  end  compression.  Admission  is  normally 
into  the  intake  manifold  but  it  may  be  through  a  timed  injector  directly  into  the  cylinder.  The  former  method  is 
simpler  and  is  far  more  common  as  no  modifications  are  required  to  the  cylinder  head.  In  that  system, 
substantial  mixing  occurs  prior  to  the  inlet  valve  and,  while  exceptions  exist,  a  homogeneous  NG/air  mixture 
may  be  assumed  to  exist  throughout  any  cylinder  at  ignition.  However,  at  high  NG  levels,  pre-mixing  can  lead 
to  end-gas  auto  ignition  (SI  type)  knock  which  was  originally  assumed  to  be  the  sole  knock  problem  [1]  and,  on 


1524 


very  large  bore  stationary  engines  was  likely  to  dominate..  However,  there  is  evidence  that  the  NG  increases  the 
diesel  ignition  delay  [2,3,4]  which  can  then  exacerbate  the  normal  Cl  type  knock  found  in  conventional  diesel 
engines.  Other  problems  such  as  ignition  failure,  incomplete  combustion  and  direct  short-circuiting  of  the  fuel 
from  the  intake  to  exhaust  occur.  Direct  NG  injection  allows  improved  control  of  gas  losses  to  the  exhaust  (this 
being  of  particular  importance  with  two-strokes),  can  give  better  air  capacity  as  there  is  no  displacement  in  the 
manifold  and  may  reduce  end-zone  gas  and  hence  SI  knock  and  flame  quench.  However,  it  is  much  more 
complex.  This  paper  is  therefore  concerned  with  the  more  usual  manifold  pre-mixed  DF  combustion. 

The  research  reported  here  has  concentrated  on  fundamental  DF  studies  by  use  of  a  constant  volume 
combustion  bomb  and  a  3D  numerical  simulation  code  which  has  been  developed  for  the  bomb  conditions.  The 
conditions  studied  are,  within  the  limits  of  the  experimental  apparatus,  approaching  those  of  naturally  aspirated 
Cl  engines  but  without  the  swirl  and  turbulence  generated  by  the  intake  and  compression  processes.  The 
experimental  results  obtained  from  the  combustion  bomb  tests  were  used  to  validate  the  numerical  model.  This 
was  followed  by  a  parametric  analysis  of  the  DF  process  to  examine  trends  which  were  difficult  to  obtain 
experimentally.  Both  global  and  spatial  effects  of  the  pilot  injector  characteristics  were  considered. 

2.  THE  EXPERIMENTAL  EQUIPMENT 

The  constant  volume  combustion  bomb  and  injection  equipment  used  for  this  research  has  been  described 
previously  [5,6].  The  bomb  consists  of  an  inner  pressure  cylinder  (the  test  chamber)  electrically  heated  by  a 
surrounding  1.5  kW,  240  V  electrical  element  wrapped  with  a  ceramic  fibre  blanket  to  ensure  minimum 
external  heat  loss.  The  unit  is  enclosed  by  an  outer  pressure  casing.  This,  together  with  pressurisation  of  the 
chosen  NG/air  mixture  allowed  the  required  pre-ignition  conditions  to  be  obtained  in  a  quiescent  condition  for 
the  combustion  study.  The  pre-ignition  conditions  could  be  varied  over  a  wide  range.  Some  limitations  on  the 
conditions  existed.  In  particular,  the  pre-ignition  temperature  was  a  little  below  normal  Cl  levels  as  it  was  found 
that  higher  temperatures  could  spontaneously  ignite  the  pre-mixed  NG  fuel.  The  inner  cylinder  dimensions 
were:  bore,  108  mm,  depth,  30  mm.  The  pilot  fuel  injection  system  was  based  on  a  multi-cylinder  Caterpillar 
pump  with  a  solenoid  valve  installed  between  the  pump  and  injector.  Fuel  normally  by-passed  the  injector. 
When  the  valve  was  triggered  by  a  timing  pulse,  the  solenoid  valve  provided  a  single  shot  of  pilot  fuel  to  the 
injector.  The  injector  opening  pressure  was  normally  20  MPa  giving  a  maximum  injection  pressure  of  30  MPa 
through  a  vertical,  central,  4  hole,  pencil  type  injector,  the  spray  from  each  orifice  being  oriented  15°  below  the 
horizontal.  The  opening  pressure  could  be  adjusted  downwards  with  a  consequent  reduction  in  maximum 
pressure.  Details  of  the  experimental  set-up  and  procedures  are  described  in  [6,7,8].  The  pilot  fuel  injection 
system  has  a  maximum  capability  of  57  mg/shot. 

3  MODELLING  THE  DUAL-FUEL  COMBUSTION  PROCESS 
Description  of  the  Model 

A  simplified  3D,  finite  volume  model  has  been  developed  [6,9]  for  simulation  of  the  DF  combustion  in  the 
cylindrical  constant  volume  combustion  bomb.  For  the  former,  the  central  location  of  the  injector  with  its  four 
equally-spaced  holes  enabled  the  computation  to  be  performed  for  the  quarter  chamber  only.  In  the  model,  two 
modes  of  NG  introduction  are  possible,  either  pre-mixed  with  air  [6]  or  injected  in  a  separate  spray  near  the 
diesel  injector  [9].  In  this  study,  only  the  former  was  studied.  The  diesel  injection  simulation  sub-model  is 
similar  to  that  of  a  normal  Cl  system  but,  for  DF  operation,  is  reduced  in  quantity. 

The  numerical  solution  of  the  diesel  spray,  evaporation,  ignition  and  subsequent  gas  phase  combustion  process 
follows  the  procedure  described  previously.  It  is  based  on  the  conservation  equations  of  mass,  enthalpy  and 
momentum  with  the  injection  stimulated  turbulence  described  by  the  K-£  eddy  diffusivity  model.  The  general 
governing  equation  [9]  in  cylindrical  coordinates  is: 
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The  dependent  variable  ((j))  denotes  the  mass  fractions  of  chemical  species,  specific  enthalpy  and  gas 
momentum.  Diesel  fuel  is  simplified  to  a  single  component  because  of  its  low  proportions  compared  to  the  NG. 
In  the  pre-mixed  model,  16  chemical  species,  the  diesel  vapour,  C12H26,  the  NG  components,  CH4,  C2H6,  CsHg, 
and  12  dissociated  combustion  product  species  H,  0,  N,  H2,  OH,  CO,  NO,  O2,  H2O,  CO2,  H2,  N2,  Ar  are 
considered..  The  uniform  (at  any  one  time)  chamber  pressure  is  calculated  using  the  ideal  gas  equation  from  the 
known  volume  and  the  temperature,  different  in  each  cell,  mass  averaged  across  all  cells.  Sub-models  described 
previously  of  the  diesel  injection,  NG  injection,  DF  burning  and  heat  transfer  serve  as  the  source  or  sink  terms 
in  the  diffusion  model.  These  in  summary  (for  more  detail,  see  [11])  are: 


1 .  Diesel  injection  and  spray  trajectory,  [  12] . 

2.  Liquid  fuel  spray  tip  penetration,  [13]. 

3 .  Sauter  Mean  Diameter  [  14] . 

4.  Linear  momentum  sharing  model  for  droplet  collision,  [15]. 

5.  Evaporation  modelled  from  quasi-steady  analysis  of  a  single  droplet,  [16]. 

6.  Spray  impingement  on  the  chamber  wall,  [17]. 

7.  Mixed  burning  of  distillate  and  NG  by  use  of  a  “reaction  spread  factor”,  [6]  using  the  simplified  global 
reaction  model  of  Westbrook  and  Dryer,  [18]  for  each  of  the  fuel  species. 

8 .  Equilibrium  combustion  products  can  be  calculated  [19]. 

The  heat  release  rate  then  follows  depending  on  either  the  growth  of  a  kernel  of  pilot  distillate  flame  in  the 
computational  cell  under  consideration  or  diffusion  of  flame  sources  into  neighbouring  cells.  The  flame 
propagation  of  NG  then  proceeds  subject  to  local  flammability  limits  within  the  cells  with  ignition  sources  or 
spontaneously  as  the  temperature  rises  in  other  cells  to  a  sufficient  level  to  increase  the  NG  reaction  rate. 


Refining  the  Model 

Before  proceeding  with  the  simulation  of  the  combustion  process,  a  refinement  study  was  earned  out.  This  will 
be  reported  in  more  detail  separately.  The  chamber  is  cylindrical  and  hence  the  grid  is  based  on  r,  G,  z 
coordinates.  The  solution  is  a  time-marching  procedure  and  hence  both  spatial  and  temporal  effects  were 
considered.  The  spatial  grid  refinement  was  achieved  by  employing  a  relatively  coarse  spacing  and  successively 
replacing  it  with  a  finer  grid  in  one  coordinate  at  a  time  until  the  solution  converged.  This  was  repeated  with  the 
other  coordinates.  Finally,  the  time  step  was  considered  for  the  spatially  refined  grid.  The  same  physical 
conditions  (ie  initial  pressure,  temperature,  NG  equivalence  ratio,  mass  and  other  characteristics  of  diesel 
injection)  were  used  throughout.  The  results  show  that  the  accuracy  of  the  solution  depends  most  strongly  upon 
the  spacing  in  the  0-direction,  with  the  r,  z  directions  being  slightly  less  significant.  Only  the  G-direction  effect 
is  illustrated  here.  Figures  1  and  2  show  the  effect  of  different  (G-direction)  grids  on  the  rise  in  pressure  and 
temperature  respectively  with  time  for  the  early  part  of  combustion.  Note  that  temperature,  unlike  pressure 
which  is  uniform  across  the  chamber,  was  checked  at  three  specific  locations  because  it  varies  between  cells. 

That  shown  here  is  at  the  half-radius  on  the  spray  centreline.  The  convergence  is  shown  on  Figures  3  and  4 
where  the  variation  of  the  time  taken  to  reach  designated  pressure  and  temperature  levels  is  plotted  against  the 


Fig.  1  Effect  of  grid  Size  (0  -  direction)  on 
the  bomb  pressure, 

Po  =  3  MPa,  To  =  800  K,  =  0.7,  mioj= 
32.67  mg 
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Fig  2.  Effect  of  grid  size  (0  -  direction)  on  gas 
temperature, 

Po  =  3  MPa,  To  =800  K,  ([igas  =  0.7,  mi„j=  32.67 
mg 
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Fig.  3  Variation  of  elapsed  time  to  designated 
pressure  with  number  of  cells 


Fig.  4  Variation  of  elapsed  time  to  designated 
temperatures  with  number  of  cells 


number  Ne  of  0-direction  cells.  As  indicated  by  the  graph,  the  solution  of  the  differential  equation  on  the  9- 
direction  converges  at  Ne  =  44.  Using  a  similar  analysis,  the  other  grid  directions  ,  Nj  were  found  to 
converge  40-  and  24  cells  respectively.  Again,  following  a  similar  procedure,  a  time  step  of  0.02  ms  was  found 
to  be  optimal. 


4.  COMBUSTION  TESTS  IN  THE  BOMB 

Experimental  pressure  traces  obtained  from  combustion  bomb  for  both  sole  diesel  and  DF  combustion  have 
been  used  to  analyse  combustion  modes,  minimum  DF  ignition  conditions  and  the  DF  ignition  delay  [5,  20]. 
They  have  been  also  been  used  to  calibrate  the  numerical  models  [6,9]  which  have  been  developed  and  for 
comparison  with  the  numerical  results  of  the  combustion  process  with  different  injection  characteristics. 

Combustion  Modes  Analysed  from  Pressure  Traces 

A  typical  pressure  trace  can  be  seen  on  Figure  5  for  sole  diesel  and  pre-mixed  NG/air  mixture  combustion.  Note 
that  this  will  differ  from  the  trace  obtained  in  an  engine  test  due  to  lower  ignition  conditions,  the  quiescent 
nature  of  the  combustion  as  there  is  no  inlet  or  piston  motion  generated  turbulence  and  no  volumetric  changes 
occurs  from  the  start  of  injection  as  the  combustion  progresses.  Differences  can  be  detected  between  the 
pressure  traces  of  pre-mixed  DF  and  one  for  diesel  fuel  only  (not  shown  here).  The  pressure  trace  of  pre-mixed 
DF  combustion  has  a  longer  ignition  delay,  takes  a  long  time  to  reach  the  maximum  pressure  and  is  a  two  stage 


Elapsed  Time  (ms) 

Fig.5  Pressure  trace  of  pre-mixed  of  NG/air 
combustion. 

Po  =  3  MPa,  To  =  623  K,  Pg  =  0.15  MPa, 
mioj  =  0.15  MPa 


Fig.6  Comparison  of  simulation  and  experiment 
for  pre-mixed  combustion. 

Po  =  3  MPa,  To  =  623  K,  Pg  =  0. 15  MPa, 
minj  =  0.15  MPa 
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process,  where  the  heat  release  rate  changes  from  about  the  quarter  maximum  pressure  position.  This  is  likely  to 
be  the  point  where  the  NG  conditions  become  such  as  to  support  a  flame  development  through  the  unbumt 
mixture  away  from  the  spray  zone.  This  is  different  from  the  diesel  traces  where  a  short  ignition  delay  is 
followed  by  a  sharp  pressure  rise. 

Validation  of  the  3D  Diffusion  Model  .  u  u 

The  validation  of  the  model  was  obtained  by  comparing  the  output  of  the  model  and  the  combustion  bomb 
experimental  results  as  shown  in  Figure  6.  It  can  be  seen  that  the  simulation  compares  well  until  the  peak 
pressure  is  reached.  Beyond  that  point,  the  trends  are  slightly  different.  This  may  be  due  to  decay  of  the 
piezoelectric  transducer  amplifier  charge  and  heat  transfer  after  the  combustion. 

5.  PARAMETRIC  STUDIES  USING  THE  NUMERICAL  MODEL 

A  number  of  parametric  studies  have  been  earned  out.  Those  of  significance  here  are. 

1 .  Injection  pressure  effects  on  the  combustion  process. 

2.  Injector  insertion  depth. 

3.  Number  of  nozzle  holes. 

For  these  studies,  the  dimensions  of  the  combustion  chamber  were  taken  as  those  of  the  experimental  constant 
volume  combustion  bomb  but  the  pre-ignition  conditions  of  the  charge  were  simulated  at  the  higher  values 
more  typical  of  actual  Cl  engine  operation  (ie  3  MPa,  800  K).  The  partial  pressure  of  natural  gas  was  taken  as  2 
MPa;  this  giving  a  NG/air  equivalence  ratio  (t)NG  of  0.72.  In  general,  because  the  computing  time  is  long,  the 
results  reported  here  were  continued  for  only  part  of  the  combustion  period  (40  ms),  it  generally  taking  about 
2.5  times  (see  Figure  6)  this  value  to  reach  maximum  pressure.  It  should  be  noted  that  the  pressure  across  die 
chamber  is,  in  reality  uniform  at  any  instant  where  other  parameters  (temperature,  mass  of  distillate,  combustion 
products,  CO,  NO)  vary  with  location  and  time.  All  these  can  be  graphed  on  spatial  contour  plots  as  required. 

Pilot  Injection  Pressure  Effects  on  the  Combustion. 

Four  different  injection  pressures  were  examined,  the  nozzle  diameter  being  varied  to  maintain  a  constant  mass 
of  fuel  injected  for  the  different  injection  velocities.  For  the  fixed  mass  of  diesel  fuel  at  26.7  mg,  the 
pressures/hole  size  combinations  were  120MPa/0.123  mm,  60  MPa/0.148  mm,  30  MPa/0.178  mm  and  20 
MPa/0.20  mm  respectively. 

Figure  7  shows  the  effect  of  pilot  injection  on  the  chamber  pressure.  The  combustion  process  of  the  NG/air 
mixture  is  illustrated  on  Figure  8  which  shows  the  major  NG  component,  the  unbumed  methane.  The  gas 
temperature  contours  16  ms  after  injection  are  shown  on  Figure  9.  During  the  early  stage  of  combustion,  die 
burning  of  the  gaseous  fuel  is  spatially  limited  for  all  four  injection  pressures.  This  is  due  to  the  high 
combustion 
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Fig.  7  Effects  of  injection  pressure  on  bomb 
pressure. 


Fig.8  Effects  of  injection  pressure  on  unburnt 
methane. 
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(c)  (d) 

Fig.  9  Spatial  variation  of  gas  temperature 

a)  Injection  pressure:  20  MPa,  b)  Injection  pressure:  30  MPa, 

b)  c)  Injection  pressure:  60  MPa,  d)  Injection  pressure:  120  MPa 

temperature  resulting  from  the  initial  rapid  combustion  which  tends  to  vaporise  the  fuel  spray.  Hence,  there  is 
little  penetration  deep  into  the  combustion  chamber,  particularly  at  low  injection  pressures.  The  initial  NG 
combustion  within  the  spray  is  restricted  to  a  small  region  near  the  injector  and  the  flame  propagates  only 
slowly  through  the  pre-mixed  NG  outside  the  spray.  The  overall  consumption  of  the  gaseous  fuel  is  therefore 
slow.  The  methane  starts  to  bum  between  1  and  2  ms  after  the  diesel  injection  ignition  delay  is  completed. 
Following  this,  the  flame  from  the  various  ignition  centres  originating  from  the  pilot  distillate  fuel  propagates 
through  the  chamber.  The  burning  rate  of  methane  rises  faster  for  higher  pilot  distillate  pressures.  This  is  due  to 
the  fact  that  the  outlet  velocity  and  spray  penetration  increase,  providing  a  greater  multiplicity  centres  and  a 
larger  combustion  zone  with  an  increased  temperature  and  a  higher  activity  of  the  oxidation  reactions.  The 
contours  of  Figure  9  shows  that  the  burning  propagates  into  the  inner  region  of  the  spray  plume  and  outwards 
through  the  combustion  chamber. 

Number  of  Nozzle  Holes 

Three  nozzles  with  the  same  flow  area  but  different  diameters/  numbers  of  holes  were  used  to  investigate  the 
influence  of  the  spray  distribution  for  a  constant  diesel  delivery  and  injection  pressure.  In  order  to  maintain 
constant  diesel  flow  rate,  the  nozzle  diameter  was  reduced  with  increase  in  the  number  of  holes.  The  number  of 
holes/diameter  (mm)  combinations  used  were  8/0.14  mm,  4/0:2  mm  and  2/0.28  mm.  The  results  of  the 
simulation  show  that  the  greater  number  of  smaller  diameter  holes  distributes  the  spray  over  a  wider  range, 
changing  the  ignition  and  burning  characteristics  of  the  NG/air  mixture  and  increasing  the  burning  rate  of  NG. 
This  can  be  seen  by  the  overall  pressure  rise  rate  and  diesel  oil  consumption  as  shown  on  Figures  10  and  1 1. 

Insertion  Depth  of  the  Injector 

The  location  of  the  origin  of  the  spray  is  also  likely  to  influence  the  combustion.  To  examine  this,  the  injector 
was  maintained  in  its  original  orientation  central  in  the  chamber  upper  wall  but  with  different  insertion  depths. 


Elapsed  Time  (ms) 

Fig.lO  Effect  of  number  of  nozzle  holes  on  Fig.ll  Effect  of  number  of  nozzle  holes  on 

combustion  pressure  mass  of  diesel  vapour 


below  the  top  wall,  these  being  6  mm,  12  mm,  18  mm,  and  24  mm  respectively.  The  insertion  depth  changes  the 
distribution  of  the  diesel  fuel,  a  deeper  location  moving  the  initial  spray  more  towards  the  centre  of  the 
chamber.  The  centre  line  of  the  spray  is  directed  downwards  at  15°  from  the  horizontal.  For  the  above 
mentioned  dimensions  of  the  chamber,  the  centreline  of  the  spray  intersects  with  side  wall  at  progressively 
lower  points  for  the  first  two  locations,  near  to  the  bottom  comer  for  third  and  onto  the  bottom  wall  for  lowest 
injector  location.  These  positions  may  be  modified  by  the  evaporation  and  charge  motion  induced  by  the  spray 
and  combustion  process  if  the  latter  commences  prior  to  wall  impact.  The  impact  area  is  subject  to  the  spray 
cone  and  local  wall  shape.  The  wall  impact  limits  the  fuel  distribution  in  the  gas  space,  greater  wall  impact 
decreasing  the  initial  combustion  zone.  Figure  12  shows  the  effects  of  the  injector  location  on  the  combustion 
bomb  pressure.  At  short  times  after  ignition,  a  higher  pressure  is  reached  at  the  6  mm  and  12  mm  depths  which 
are  similar  to  each  other.  Thereafter,  the  least  depth  provides  a  greater  pressure.  As  shown  in  Fig.  13,  the 
ignition  of  methane  starts  at  the  same  time  for  all  injector  locations.  This  shows  that  there  is  sufficient  igmtion 
energy  early  in  the  process  regardless  of  the  free  length  of  the  spray.  The  mass  of  unbumt  methane  is  greater  as 
the  injector  depth  increases,  although  only  a  small  difference  is  apparent  between  the  higher  two  positions.  The 
slower  consumption  rate  of  methane  at  the  deeper  positions  is  probably  due  to  the  displacement  of  the  ignition 
source  line  (ie.  the  diesel  spray)  towards  the  lower  wall  away  from  the  most  central  region  of  the  chamber.  That 
is,  a  burning  zone  which  consumes  the  most  gas  phase  fuel  prior  to  wall  burnout  is  the  most  effective.  The 
depth  of  the  injector  is  critical  in  obtaining  this. 


Fig.  13  Effects  of  injector  depth  on  bomb 
pressure 


Fig.  14  Effect  of  injector  depth  on  unburnt 
methane 
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6.  CONCLUSIONS 


The  present  work  has  highlighted  the  importance  of  the  fundamental  studies  of  the  stimulated  ignition  of  natural 
gas  that  occurs  in  DF  engines  at  compression  igmtion  conditions.  This  provides  an  understanding  of  the 
problems  of  the  DF  combustion  and  suggests  some  solution  of  these  problems. 

The  combustion  bomb  has  provided  useful  data  for  this  study  although  it  is  difficult  to  obtain  pre-ignition 
conditions,  particularly  temperature,  which  are  at  normal  diesel  engine  levels.  This  is  because  the  long  period  of 
heating  of  the  NG/air  mixture  can  cause  inadvertent  early  ignition  by  surface  hot  spots.  An  improved  apparatus, 
a  moderately  heated  rapid  compression  machine,  (RCM)  is  being  examined  to  replace  the  combustion  bomb. 
The  3D  numerical  model  which  incorporates  a  new  system  for  sharing  the  combustion  between  the  diesel  spray 
and  the  pre-mixed  NG  works  well.  The  computational  output  compared  well  with  the  experimental  traces  for  a 
number  of  different  injection  parameters  and  injector  configurations  as  well  as  pre-ignition  conditions. 

While  further  validation  is  required  at  higher  initial  pressures  and  temperatures,  the  3D  model  has  been  used  for 
parametric  studies  of  the  DF  combustion  of  NG  at  the  higher  compression  ignition  conditions.  In  this 
simulation,  the  influence  of  injector  characteristics  have  been  examined.  The  study  shows  a  beneficial  effect  on 
the  overall  combustion  as  injection  pressure  rises,  with  an  increased  number  of  smaller  diameter  holes  and  with 
an  injector  depth  that  locates  the  spray  centreline  furthest  from  any  wall.  The  rate  of  burning  of  the  gaseous  fuel 
is  increased  due  to  the  increase  of  ignition  centres  generated  by  well-distributed  pilot  fuel  throughout  the 
chamber. 
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ABSTRACT.  A  numerical  analysis  of  unsteady  heat  and  mass  transfer  for  multi-component  particle  deposition 
in  the  Modified  Chemical  Vapor  Deposition  has  been  carried  out.  The  earlier  study  showed  that  the  optimzed 
torch  speed  variation  could  be  used  to  enhance  the  deposition  uniformity  of  single  component  S1O2  particle. 
However,  this  optimized  torch  speed  resulted  in  the  deterioration  of  GeO^  deposition  unifo^ty  for  niulti- 
component  SiOa/GeOj  deposition.  Parametric  studies  varying  three  different  operating  conditions  ^ 
maximum  wall  temperature,  torch  speed  and  in-take  amount  of  GeCU  reveals  that  the  uniformity  of  S1O2 
deposition  is  maintained  by  torch  speed  variation  and  that  of  Ge02  is  obtained  by  increasing  the  in-take  ow 
rate  of  GeCU  in  time. 

1.  INTRODUCTION 

The  Modified  Chemical  Vapor  Deposition  (MCVD)  process  is  utilized  to  manufacture  high-quality  optical  fibers 
111  In  the  process,  a  fire  polished  silica  tube  is  rotated  and  heated  by  a  slowly  traversing  oxy-hydrogen  torch.  A 
mixture  of  gases,  such  as  silicon  tetrachloride  (SiCU),  germanium  tetrachloride  (GeCU),  oxygen  (O2)  flow  into 
the  rotating  silica  tube  and  are  heated  to  high  temperatures.  Chemical  reactions  occur  and  result  m  fine  particles, 
e  o.,  silicon  dioxide  (Si02),  germanium  dioxide  (Ge02),  etc.  These  particles  move  axially  with  the  gases  and  are 
deposited  on  the  inner  wall  of  the  tube  due  to  thermophoresis;  that  is,  from  the  net  force  that  a  suspended 
particle  experiences  in  the  direction  of  decreasing  temperature  m  nomsothermal  medium  [2].  The  deposited 
particles  are  consolidated  into  a  glassy  thin  layer  by  sintering.  When  the  torch  completes  its  traverse  to  ±e  en 
of  the  tube,  one  layer  of  deposition  is  obtained.  By  controlling  the  dopant  chemical  composition,  desued 
refractive  index  profile  is  obtained.  Germania  is  the  most  common  dopant  used  to  increase  the  refracbve  index 
of  Si02  to  form  a  guiding  core.  After  10  ~  40  layers  are  deposited,  the  tube  is  collapsed  into  a  solid  preform  rod 
and  then  drawn  into  a  long  thin  fiber. 

The  hi<^h-temperature  chemical  reactions,  deposition  and  consolidation  steps  are  interrelated  aM  affected  by  Ae 
details'of  the  thermal  processing  and  control  as  well  as  by  the  specific  chemical  mixtoe  used.  Thus,  most  of  the 
previous  studies  of  the  MCVD  have  been  numerical  analyses.  The  previous  investigations  focused  on  vanous 
aspects  of  the  problems;  thermophoresis  [2],  correlation  between  overall  efficiency  and  mimmum  temperature 
131  Laser-enhanced  MCVD  [4,  5],  chemical  kinetics  and  silica  aerosol  dynamics  [6],  tapered  entry  region 
reduction  [7,  8],  three  dimensional  effect  [9,  10],  codeposition  of  Si02  and  Ge02  [11],  two  torch  model  [12], 
oxidation  of  SiCU  and  GeCU  and  buoyancy  [13];  measurement  of  deposited  film  thickness  and  tube  wall 
temperature  [14].  However,  there  has  been  relatively  little  attention  on  the  processing  control  for  the  optimum 
performance  such  as  tapered  entry  region  reduction  and  uniform  deposition  thickness.  The  reason  of  intactness 
in  the  control  of  the  processing  conditions  may  be  found  on  the  quasi-steady  assumption  used  in  previous  works. 
Recently  Park  and  Choi  [15]  extended  their  work  to  the  unsteady  analysis  and  found  out  that  unsteady 
calculations  significantly  improved  the  prediction  of  Si02  particle  deposition  profile  in  the  entire  region  by 
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compaiing  their  results  with  the  existing  experimental  study.  They  also  examined  the  effects  of  torch  speed 
variation  on  deposition  performance  for  silica  particles  and  iden^ed  the  linearly  varying  torch  speed  case 
resulted  in  a  much  shorter  tapered  entry  than  the  constant  torch  speed  case.  For  the  codeposition  of  silica  and 
germania,  very  precise  compositional  and  processing  control  is  necessary  to  ensure  the  desired  refractive  index 
structures  especially  for  multi-mode  fiber  manufacture,  and  optimum  operating  conditions  will  be  considerably 
different  from  single  component  particle  generation  and  deposition.  Therefore,  time  dependent  operating 
conditions  such  as  torch  speed,  chemical  gas  flow  rate  and  tube  wall  temperatures,  etc.  should  be  considered 
and,  correspondingly,  the  unsteady  analysis  is  prerequisite  in  its  modeling. 

In  this  paper,  we  extend  our  earlier  work  [15]  to  the  unsteady  analysis  of  multi-component  (Si02  and  Ge02) 
MCVD.  For  the  present  unsteady  calculation,  the  quartz  tube  is  included  in  the  calculation  domain  and  the 
effects  of  chemical  reactions  for  oxidations  of  both  SiCl/j  and  GeCh  and  variable  properties  are  also  included. 
The  time  dependent  operating  conditions  for  the  reduction  of  tapered  entry  and  uniform  deposition  are  also 
examined. 


2.  ANALYSIS 

Figure  1  depicts  the  geometric  configuration  considered  in  this  study.  A  mixture  of  reactants  (SiCU,  GeCU  and 
O2)  is  fed  into  a  silica  tube  (reactor)  as  a  fully  developed  laminar  flow  at  the  inlet.  The  mixture  is  heated  by  an 
external  heat  source  and  exothermic  oxidations  of  SiCL  and  GeCL  take  place  forming  Si02,  Ge02  and  CI2. 
Fractions  of  newly  formed  silica  and  gemiania  particles  are  deposited  onto  the  relatively  low-temperature  tube 
wall  mostly  by  thermophoresis,  while  the  rest  exit  the  tube  by  convection. 


Since  uniform  deposition  in  the  circumferential  direction  can  be  assumed  for  normal  rotational  speeds  (60  ~  120 
rpm)  [10]  and  the  total  moles  in  the  gas  phase  is  conserved  throughout  the  MCVD  process,  the  axisymmetric, 
two-dimensional  unsteady  governing  equations  can  be  written  as 

Continuity  Eq. 

— +  V-CV  =  0  (1) 

at 

Momentum  Eq. 

C— +  CV-VV  =  -— Vp  +  -^V-?  (2) 

at  M  M 

Energy  Eq.  for  gas 

CCp-^  +  CC,V-VT  =  V-kVT  +  rscAH3c+rGcAHGc  (3) 
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Energy  Eq.  for  quartz  tube 


pC  ^  =  V-kVT 
^  dt 


Species  Eqs. 

+  CV  ■  VXi  =  VCDiVXi  +  Ri  (5) 

dt 

where  AH;  represents  the  reaction  enthalpy  of  oxidation  of  species  i  (SiCE,  GeCLt)  and  X;  and  D;  denote  mole 
fraction  and  dififiision  coefficient  of  species  i  (SiCU,  GeCE,  CI2),  respectively.  The  source  terms,  R;  in  species 
equation  are  expressed  as 

R-sc  ~  ~^c>  ~  ^cL  “  21gc 

Kim  and  Pratsinis  [11]  and  Powers  [16]  suggested  the  following  equations  for  rsc  and  roc 
isc  =  (l^sc.o  +  ksc,iCXo2  )exp(-  Egc  /  RgT)CXsc 

Ibc  =  ^GC.O  exp(-  Egc  / RgT)C^  (XgcXo2  "  yYgqXcl  /Keq)  (8) 

where  the  particle  phase  is  assumed  to  be  an  ideal  solution  (y  =  1)  and  particle  surface  reaction  is  assumed  to  be 
neghgible. 

Since  relatively  dilute  suspensions  in  an  excess  oxygen  flow  are  employed,  the  mixture  gas  properties  are 
calculated  as  properties  of  the  carrier  gas,  O2.  These  are  given  as  a  function  of  T  and  p  using  hterature 
expressions  for  viscosity  and  diffusion  [17],  heat  capacity  [18]  and  thermal  conductivity  [19],  The  details  on  the 
simulation  conditions  used  for  present  MCVD  process  are  summarized  in  Kim  and  Pratsinis  [11]. 

The  mass  balance  equation  for  Si02  and  Ge02  are  written  as 

C.^  +  c(v+VT)-Vni  =ii  (9) 

dt 

where  denotes  the  thermophoretic  velocity  defined  by  Vt  =  -K(v/T)VT  [20]  and  Ui’s  are  moles  of  species 
/  particles  per  mole  of  carrier  gas.  The  boundary  conditions  are 

x  =  0 ,  r  <  R; : 


u  =  2Vo[l  -  (r/R;)"  |v  =  0,T  =  To, 


Xsc  ~  Xgc  osXqc  ~  Xqc  o,X|2L  0, 


ncri  —  Ugo  ~  b 


R,  <r<Ro;-^  =  0 
5x 


X  =  L ,  r  <  R; : 
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(12) 


a^(u,v,T,Xsc,Xoc,XcJ 


5x' 


=  0 


prv 

R:  <r<Ro;  —  =  0 
'  °  dK 


r  =  0: 
a(u,v,T,X 

SC>^GC;^CL>^SO;^Go) 

di 


=  0 


(13) 


(14) 


r  =  R,; 


u,v 


Qa(Xsc,Xoc,XcJ_, 


dr 


and  continuity  of  temperatuKandheatflux 


(15) 


The  localized  heating  by  the  torch  is  modeled  as  Gaussian  distribution  and  dissipated  by  convection  and 
radiation  at  the  outer  tube  wall  [12]; 


r  =  Ro:  qn,axexp[-X'(x-x,„„j]=k-^  +  h(T-T„)+sa(T'-Tj)  (16) 

CT 

where  x,orch  is  the  torch  location  and  h  is  the  temperature-dependent  heat  transfer  coefficient  on  the  rotating 
cylinder  [21],  Two  parameters,  X  and  q^,  control  the  width  and  the  maximum  value  of  the  heating  profile  [12]. 
The  emissivity  of  the  quartz  tube,  s,  is  calculated  from  a  band  approximation  [22],  with  the  assumption  that  the 
quartz  is  transparent  below  4.5  pm  wavelength  and  behaves  like  a  black  body  above  that. 

In  studies  of  optical  fiber  drawing,  Homsy  and  Walker  [23]  and  Paek  and  Runk  [24]  considered  the  effect  of 
radiation  in  a  silica  solid  rod  by  using  the  Rosseland  diffusion  approximation  [22].  The  same  approximation  is 
utihzed  in  the  present  study: 

k  =  k„„,  +  k,,,  =  k„,^  +  16n'aT'  /3  (17) 

where  the  Rosseland  mean  absorption  coefficient,  □,  and  the  refi-active  index,  n,  take  the  values  of  4  cm'^  and 
1.5,  respectively  [23,  24]. 

The  above  set  of  governing  equations  subject  to  the  given  boundary  conditions  were  solved  in  terms  of  the 
primitive  variables  by  employing  the  finite  volume  technique  along  with  power  law  scheme  and  SIMPLE 
algorithm  [25],  The  pressure  correction  equation  is  solved  with  the  MCGS  solver  [26],  and  other  discretized 
equations  are  solved  with  CGS  solver  [27].  Convergence  is  assumed  when  the  summed  residual  over  the  domain 
falls  below  a  prescribed  tolerance  (10'^).  More  stringent  convergence  criteria  did  not  reveal  noticeable  changes 
in  the  solution.  After  the  solution  converges,  the  deposition  masses  of  Si02  and  Ge02  per  unit  area  at  the  certain 
axial  location  are  evaluated  fi'om  the  mass  fluxes  onto  the  timer  surface  of  tube,  as  follows: 

5m,(x,t)=  J„'(-CMiniKvainT/5r)^  ^  dt  (18) 

3.  RESULTS  AND  DISCUSSIONS 

In  order  to  make  a  proper  assessment  of  our  numerical  implementation,  the  limiting  case  for  single  component 
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Si02  deposition  has  been  carried  out  for  the  comparison  with  the  previous  studies  [14,  15].  The  in-take  flow  rate 
of  carrier  gas,  O2,  is  2  1/min  and  the  flow  rate  of  SiCU  and  GeCU  is  3  mol/m^  and  1.9  mol/m  .  Since  overall 
efficiency  can  be  expressed  as  a  function  of  minimum  temperature  [3],  a  proper  prediction  of  wall  temperature 
is  a  prerequisite  condition  for  a  correct  estimation  of  efficiency.  Figure  2  shows  the  spatial  wall  temperature 
variation  at  several  different  times  (i.  e.,  different  torch  locations)  using  the  relative  coordinate  that  moves  with 
the  torch,  x^^.,  =  (x  -  x„„i,)  •  Reasonable  agreement  was  obtained  compared  with  quasi-steady  experiment  [14]  at 
later  times  (i.e.,  larger  distance  of  torch  movement)  and  at  early  times,  noticeable  unsteady  effects  was  found  as 
significant  difference  between  the  present  calculation  and  quasi-steady  measurement  proved.  It  is  also  noted  ±at 
the  previous  calculation  considering  only  the  effect  of  SiCU  oxidation  agrees  very  well  with  the  present 
calculation  considering  both  chemical  reactions  of  SiCl4  and  GeCl4.  Therefore,  the  effect  of  GeCU  reaction  on 
the  wall  temperature  may  be  said  to  be  small.  The  solid  and  dashed  lines  represent  temperature  distributions  for 
the  first  pass  and  second  pass  of  the  torch  traverse,  respectively.  The  wall  temperature  ahead  of  the  torch  for  the 
second  pass  is  higher  than  that  of  the  first  pass,  and  there  exists  an  axial  region  where  the  wall  temperature 
increases  ahead  of  the  torch.  This  is  a  consequence  of  the  residual  heat  fi-om  the  first  pass.  This  temperature 
increase  coincides  with  experiment  [14]  and  was  also  predicted  by  a  two-torch  quasi-steady  model  suggested  by 
Park  and  Choi  [12].  At  early  times,  wall  temperature  distributions  in  the  region  behind  the  torch  do  not  fall  onto 
a  single  curve  even  when  they  are  plotted  using  the  relative  moving  coordinate,  x^/,  and  are  much  different  from 
quasi-steady  results.  This  means  that  the  quasi-steady  assumption  cannot  be  used  at  early  times.  We  also  note 
that  previous  discrepancies  in  deposition  profile  between  quasi-steady  state  predictions  and  measurements  near 
the  inlet  region  was  significantly  improved  by  using  a  full  unsteady  calculation  for  the  case  of  single  component 
SiOa  particle  deposition  [15].  It  is  now  extended  to  consider  the  unsteady  heat  and  mass  transfer  for  multi- 
component  Si02  and  Ge02  particle  deposition. 


Fig.  2.  Distribution  of  tube  wall  temperature 
with  respect  to  the  torch  based  relative 
axial  coordinate  for  different  torch 
location  (different  times) 


Torch-based  Relative  Location,  m 

Fig.  3,  Thermophoretic  fluxes  of  Si02  and 

GeOi  to  the  tube  wall  for  different  torch 
locations  (different  times) 


Figure  3  shows  the  thermophoretic  flux  to  the  wall,  defined  as  VyCni .  Wj  is  thermophoretic  particle  velocity 
and  C  and  n;  are  gas  concentration  and  moles  of  species  Si02  and  Ge02  per  mole  of  earner  gas.  The  deposition 
efficiency  is  low  at  the  beginning  of  torch  traverse  compared  when  torch  moves  enough  to  reach  steady  state.  At 
the  beginning  of  torch  traverse,  the  narrow  region  of  high  wall  temperature  (shown  in  Fig.  2)  causes  this  low 
deposition  efficiency.  Note  that  there  is  a  maximum  deposition  efficiency  at  Xt^vei  =  0.3  m  before  it  reaches 
steady.  The  decrease  of  deposition  efficiency  beyond  Xtnvei  =  0.3  m  is  due  to  the  increase  of  the  minimum  wall 
temperature  ahead  of  torch.  Figure  4  shows  the  wall  temperature  distribution  ahead  of  the  torch  for  different 
torch  travel  locations  (or  different  times).  The  minimum  wall  temperature  is  about  435  K  at  the  beginning  of 
torch  traverse  and  becomes  steady  near  500  K  as  the  torch  moves  on.  The  effects  of  exothermic  chemical 
reactions  would  cause  the  increase  of  the  minimum  wall  temperature  as  the  torch  travels  and  similar  effect  was 
observed  experimentally  [14].  As  the  wall  temperature  becomes  higher,  the  particle  deposition  is  suppressed  due 
to  lower  thermophoretic  particle  velocity.  On  the  other  hand,  as  the  torch  moves  on,  particle  formation  in  a  tube 
becomes  more  active,  which  would  tend  to  increase  the  deposition  flux.  Therefore,  there  are  two  mechanisms  of 
which  each  has  the  opposite  effect;  the  increasing  minimum  temperature  to  reduce  the  deposition  flux  and  the 
increasing  particle  formation  to  increase  the  deposition  flux.  Correspondingly,  the  maximum  deposition  flux 
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may  exist  as  the  torch  moves.  Note  also  that  the  broad  range  of  particle  deposition  occurs,  which  should  cause 
the  undesirable  tapered  entry.  This  means  that  there  would  be  the  area  of  non-uniform  deposition  that  is 
equivalent  to  the  broad  particle  deposition  area,  even  if  quasi-steady  state  is  reached. 

Torch  speed  control  was  shown  to  be  effective  to  result  in  a  much  shorter  tapered  entry  for  single  component 
Si02  deposition  than  the  constant  torch  speed  case  [15].  This  may  be  also  true  for  multi-component  Si02/Ge02 
particle  deposition.  To  examine  the  validity  of  torch  speed  variation  on  the  enhancement  of  deposition 
performance,  calculations  for  the  same  torch  speed  variation  utilized  previously  as  in  single  component  Si02 
deposition  [15],  which  is  linearly  increased  up  to  120  s  and  then  maintains  uniform  as  0.2  m/min,  have  been 
done  for  multi-component  particle  deposition  case.  Figure  5  shows  the  deposition  profiles  of  Si02  and  Ge02 
during  three  passes.  The  deposition  masses  of  both  Si02  and  Ge02  during  the  first  pass  are  more  than  those 
during  second  or  third  pass  because  the  minimum  wall  temperatures  of  the  latters  are  approximately  200  K 
higher  than  the  former  due  to  the  heat  remained  from  the  first  pass.  There  is  no  difference  between  second  and 
third  passes,  which  indicates  calculations  for  further  passes  are  not  necessary.  For  Si02  deposition,  the 
uniformity  has  been  much  improved  compared  to  the  case  of  constant  torch  speed  (bold  solid  line)  as  already 
confirmed  by  Park  and  Choi  [15].  The  reason  of  this  improvement  was  that  the  deposited  mass  near  the  torch 
starting  position  increased  due  to  the  longer  duration  of  torch  heating  for  the  case  of  linearly  varying  torch 
speed,  and  thus  the  tapered  entry  region  was  greatly  reduced  by  less  than  0.1  m.  The  uniformity  of  deposition  of 
Ge02,  however,  becomes  worse  by  the  excessive  particle  deposition  at  the  beginning.  Note  that  for  the  constant 
torch  speed  case  the  deposition  of  Ge02  comes  steady  earlier  (x  ~  0.35  m)  than  Si02  (x  ~  0.45  m).  because  the 
activation  energy  of  Ge02  is  lower  than  that  of  Si02.  Therefore,  the  strategy  slowing  down  the  torch  speed  for 
the  enhancement  of  Si02  uniformity  may  cause  excessive  particle  deposition  of  Ge02  over  a  broad  zone.  Thus, 
the  different  characteristics  in  chemical  reactions  between  SiCU  and  GeCU  poses  a  difficulty  in  achieving  both 
uniformity  of  Si02  and  Ge02  simultaneously  by  the  use  of  only  one  control  method,  e.g.,  the  variation  of  torch 
speed  in  time. 


Torch-based  Relative  Location,  m  x,  m 

Fig.  4.  The  variations  of  minimum  wall  Fig.  5.  Comparison  of  the  deposition  profiles  of 

temperature  for  differenet  torch  Si02  and  GeOz  between  cases  of 

locations  (different  times)  variable  torch  speed  (thin  lines)  and 

constant  torch  speed  (bold  lines) 

To  ensure  the  uniformity  of  both  Si02  and  Ge02,  control  strategy  may  need  the  variation  of  two  parameters  at 
least  rather  than  changing  only  one  parameter.  For  this  purpose,  parametric  studies  are  conducted  with  varying 
three  operating  parameters,  i.  e.,  maximum  wall  temperature,  torch  speed,  and  in-take  amount  of  GeCU, 
independently  or  varying  a  set  of  two  parameters  simultaneously.  The  conditions  for  the  base  case  are  Tnm  = 
1973  K,  Vtorch  =  0.2  m/min  and  Cgc.o  =1-9  mol/m^.  Case  A  is  the  variation  of  torch  speed  which  is  linearly 
increased  from  zero  to  0.2  m/min  for  120  seconds  and  then  maintains  uniform  as  0.2  m/min  after  120  s.  Case  B 
is  similar  to  case  A  except  for  beginning  the  torch  speed  with  an  initial  torch  speed,  0.0667  m/min.  Case  C  and 
D  are  the  variations  of  maximum  wall  temperatures  with  the  same  torch  speed  variation  as  case  A.  Case  C 
lowers  the  maximum  wall  temperature  from  To  by  about  50  °C  as  torch  travels  while  the  case  D  raises  the 
maximum  wall  temperature  by  about  50  °C  from  1923  K  at  the  starting  position.  Case  E  and  F  represent  time 
dependent  variations  of  in-take  amount  of  GeCU,  which  is  linearly  increased.  The  details  on  the  variations  of 
parameters  used  for  each  case  are  summarized  in  Table  1 . 
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Figure  6  shows  the  deposition  profiles  of  Si02  and  Ge02  for  seven  different  cases.  In  case  A,  the  enhancement 
of  deposition  uniformity  of  Si02  is  quite  clear  compared  with  the  base  case  but  the  deterioration  of  deposition 
uniformity  of  Ge02  is  also  found  as  mentioned  earlier.  Slight  change  of  torch  speed  profile  (case  B)  makes  it 
worse  for  the  uniformity  of  both  Si02  and  Ge02.  Thus  hereafter  the  torch  speed  variation  is  fixed  with  that  of 
case  A,  and  then  the  change  of  another  parameter  has  been  studied  to  find  uniform  deposition  of  Ge02  and  S1O2. 
The  effect  of  lowering  the  maximum  wall  temperature  (case  C)  by  50  “C  would  be  negligible  and  resulted  in 
almost  same  depositions  as  case  A.  Case  D  has  been  carried  out  to  examine  that  lower  maximum  wall 
temperature  at  the  starting  position  may  reduce  the  reaction  rate  of  GeCU  and  decrease  die  deposition  amount  of 
Ge02  at  entry  region  where  excessive  deposition  was  made  for  case  A.  This  has  a  positive  effect  to  some  extent 
for  the  deposition  uniformity  of  Ge02.  However,  the  low  maximum  wall  temperature  also  reduces  the  reaction 
rate  of  SiCU,  and  makes  the  non-uniform  deposition  profile  of  Si02  near  the  entry  region.  Both  cases  E  and  F 
where  the  in-take  amount  of  GeCU  is  linearly  increased  to  suppress  the  initial  high  deposition  of  Ge02,  yielded 
considerable  enhancement  of  deposition  uniformity  on  both  Si02  and  Ge02  while  case  F  resulted  m  not  only  the 
uniform  Ge02  deposition,  but  also  higher  deposition  rate  than  case  E.  Thus  the  uniformity  of  deposition 
thickness  of  Si02  can  be  maintained  by  torch  speed  variation  in  time  and  that  of  Ge02  may  be  simultaneously 
obtained  by  increasing  the  in-take  flow  rate  of  GeCU  as  torch  travels. 


Table  1.  Parametric  studies  for  searching  optimum  operating  parameters  of  time  dependent  maximum 
wall  temperature,  torch  speed,  and  in-take  amount  of  GeCU 
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To  =  1973  K,  ax  =  50  K,  x^wecp  =  0.75  m,  U  =  120  s,  Vq  =  0.2  m/min. 

Cl  =  3  mol/m^  C2  =  1.9  mol/m^  a^  =  0.475  mol/mU  b*  =  0.665  mol/m 


Fig.  6  Deposition  profiles  of  Si02  and  Ge02  corresponding  to  the  various  operating  parameters  in  Table  1 
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4.  CONCLUSIONS 


Unsteady  heat  and  mass  transfer  analysis  on  the  codeposition  of  Si02  and  Ge02  during  the  Modified  Chemical 
Vapor  Deposition  Process  has  been  conducted.  The  present  unsteady  analysis  has  been  shown  to  be  an  effective 
and  versatile  tool  to  examine  the  effects  of  the  time  dependent  variations  of  different  operating  parameters  on 
deposition  performance  for  enhancement  of  uniform  deposition  profile  and  short  tapered  entry  region. 

The  tapered  entry  region  for  Si02  deposition  can  be  reduced  by  varying  the  torch  speed  in  time,  that  is,  linearly 
increasing  speed  up  to  a  certain  time  and  maintaining  at  constant  speed  beyond  that  time.  However,  this 
optimized  torch  speed  which  was  valid  for  Si02  deposition  resulted  in  the  deterioration  of  Ge02  uniformity. 
Therefore,  to  ensure  the  uniformity  of  both  Si02  and  Ge02,  a  control  strategy  may  need  the  variations  of  two 
parameters  at  least  rather  than  changing  only  one  parameter.  Parametric  studies  varying  three  operating 
parameters  in  time,  i.  e,  maximum  wall  temperature,  torch  speed,  and  in-take  amount  of  GeCU,  independently  or 
varying  a  set  of  two  parameters  simultaneously,  have  been  conducted  to  find  optimum  operating  conditions.  The 
uniformity  of  deposition  thickness  of  Si02  is  sought  by  linearly  varying  torch  speed  and  at  the  same  time,  Ge02 
uniformity  can  be  obtained  by  increasing  the  in-take  flow  rate  of  GeCL  in  time. 
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ABSTRACT.  Nowadays  our  lifestyle  is  characterized  by  consuming  the  large  amount  of  energy.  However, 
energy  sources  as  fossil  fuels  are  limited.  Taking  into  consideration  the  present  condition,  it  seems  to  be 
important  to  secure  new  energy  sources.  One  of  the  promising  renewable  energy  sources  is  biogas,  which  is 
compound  gas  consisting  mainly  of  methane  (CH4)  and  carbon  dioxide  (CO2).  It  is  normally  formed  with  the 
decomposition  of  organic  substances.  Because  of  its  low  energy  density,  the  gas  is  generally  stored  in  high- 
pressure  gas  bomb.  To  store  it  in  a  condition  of  high  density,  it  is  also  attempted  to  store  methane  in  the  form  of 
clathrate.  The  clathration  of  methane  requires  normally  high  pressure  and  low  temperature.  If  the  clathration  of 
biogas  and  methane  could  be  achieved  under  the  normal  pressure  and  temperature,  this  would  make  the  gases  a 
very  useful  energy  source.  In  this  study,  the  clathration  of  methane  under  the  normal  pressure  and  temperature 
was  first  attempted  by  using  Tetrahydrofuran  (THF)  as  additive.  Further,  to  realize  the  higher  storage  density  of 
methane,  CO2  must  be  removed  beforehand  because  not  only  methane  but  also  CO2  form  clathrate.  To  achieve 
CO2  removal,  the  possibility  of  absorption  method  using  Monoethanolamine  (MEA)  is  expenmentally 
investigated,  aiming  efficient  biogas  utilization  in  final. 

1.  INTORODUCTION 

In  the  state  of  increasing  energy  demand  with  economic  growth  the  phenomena  of  global  wanning  and  the 
increase  of  negative  inheritance  such  as  radioactive  waste  compel  us  to  reduce  consumption  of  every  kind  of 
fossil  fuel  and  to  refrain  from  using  nuclear  energy.  One  of  the  promising  means  that  could  conquer  such  a 
deadlock  is  the  utilization  of  renewable  energy  resources  such  as  solar,  wind  and  biomass.  In  general,  however, 
utilization  of  these  resources,  especially  solar  and  wind,  is  apt  to  be  restricted  by  time  and  location,  which  are 
disturbing  smooth  spread  of  their  application.  On  the  other  hand,  biomass  has  no  such  restriction,  because  the 
material  itself  is  one  storing  energy  already.  This  property  enables  us  to  use  the  energy  freely  according  to 
demand,  which  raises  attraction  of  biomass  energy  more  together  with  effect  of  CO2  recycling.  However,  a 
drawback  of  biomass  is  quite  troublesome  handling  in  its  use.  To  overcome  this  problem,  biomass  gasification 
and  bio'^as  generation  are  generally  performed.  However,  gaseous  fuels  are  generally  inferior  to  liquid  or  solid 
ones  in 'volumetric  energy  density.  Liquefaction  as  LNG  for  example  is  one  of  the  counterplans  to  cover  this 
drawback  at  the  sacrifice  of  much  energy  consumption.  In  addition,  methane  is  considered  to  be  stored  as 
clathrate  compound  recendy  [1][2].  Although  this  way  promises  great  step-up  in  energy  storage  density,  there 
remain  still  many  technical  problems  such  as  energy  reduction  for  clathrate  formation  and  prior  CO2  removal 
from  biogas.  In  this  paper  experimental  results  concerning  the  solution  of  the  above  problems  are  presented. 
Furthermore,  considering  practical  application  of  biogas  storage  by  clathrate  compound,  system  diagram  which 
describes  process  from  biogas  generation  to  its  usage  via  storage  of  the  biogas  is  proposed. 

2.  CONVENTIONAL  WAY  OF  METHANE  STORAGE 

2.T  Physical  And  Chemical  Characteristics  Of  Methane 

Biogas,  together  with  natural  gas,  is  widely  used  in  our  daily  life.  Needless  to  say,  one  of  the  main  components 
of  these  gases  is  methane.  Under  atmospheric  pressure  and  room  temperature  methane  is  in  gaseous  state,  and  its 
calorific  value  is  approximately  38  MJ/m^  Strictly  speaking,  higher  and  lower  heating  values  of  the  next 
exothermic  reaction,  namely, 

CH^+202-^C02  +  2H20 


are  respectively  39.72  MJ/m^  and  35.80  MJ/m^  which  represent  fairly  large  generation  of  heat.  Nevertheless, 
compared  with  those  of  the  conventional  liquid  and  solid  fuels,  these  values  are  extraordinarily  inferior. 
Therefore,  though  easy  to  ignite  and  handle,  gaseous  fuels,  including  biogas,  are  ill  fitted  for  energy  storage  and 
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transportation  especially  due  to  low  volumetric  energy  density.  In  fact,  as  seen  from  LNG,  gaseous  fuel  is 
generally  liquidized  prior  to  its  storage  and  transport.  Methane  liquefaction  makes  about  a  six  hundredth  volume 
state  possible.  As  indicated  in  Fig.l,  critical  pressure  and  temperature  of  methane  are  respectively  4.64  MPa 
(45.71  atm)  and  190.55  K  (-82.6  “C). 


150  160  170  180  190  200  210 
Temperature  (K) 

Fig.  1.  Phase  diagram  of  methane  [3] 

Further,  the  temperature  of  liquefaction  under  atmospheric  pressure  is  around  111.15  K  (-162  °C).  These  facts 
state  that  methane  liquefaction  implies  a  large  energy  consumption  and  a  high  cost  for  the  liquefier.  On  the  other 
side,  increase  of  energy  density  is  also  practiced  through  pressurization  of  the  gas  with  no  liquefaction. 
Naturally,  energy  consumption  in  this  case  is  much  reduced  as  compared  with  the  case  of  liquefaction.  However, 
the  final  energy  density  attained  here  is  insignificant  when  compared  to  liquefied  methane,  which  can  be  easily 
imagined  from  the  relation  between  pressure  and  gas  density  by  Boyle  -  Charles’s  law.  Hereupon,  effective  way 
of  gaseous  fuel  storage  with  less  energy  consumption  is  keenly  required. 

3.  BIOGAS  STORAGE  BY  CLATHRATE 


In  addition  to  gas  liquefaction  and  gas  pressurization,  hydrate  formation  could  also  offer  a  new  way  of  efficient 
storage  and  transportation  for  gaseous  fuel.  Methane  clathrate  formed  by  methane  and  water  is  a  kind  of  hydrate, 
which  is  recognized  to  be  stored  in  large  quantities  at  the  sea  bottom  in  certain  location.  Now,  judging 
theoretically  from  molecular  coupling  structure  of  methane  clathrate,  methane  of  9.66  mole  combines 
approximately  with  water  of  56  mole.  In  short,  energy  density  attained  by  methane  clathrate  is  approximately 
equivalent  to  the  density  of  gaseous  methane  pressurized  until  20  MPa  (  =  200  atm).  Hence,  this  fact  gives 
another  way  of  methane  storage  having  high  energy  density.  Unfortunately,  however,  physical  conditions 
necessary  for  forming  methane  hydrate  are  not  always  easy  in  practice,  unless  some  artificial  treatment  is  given. 
Therefore,  it  is  main  subject  here  to  find  new  efficient  way  of  biogas  clathrate  formation. 


3.1.  Effect  Of  THF  Additive  For  Clathrate  Formation  141 

Figure  2  shows  schematic  diagram  of  the  experimental  apparatus  to  prove  the  effect  of  Tetrahydrofuran  (THF) 
on  clathrate  formation.  The  reactor  whose  vessel  is  made  of  pyrex  is  equipped  with  an  agitator.  Pressure  gauge 
and  several  thermocouples  are  installed  in  the  vessel  to  detect  physical  data.  Testing  procedure  is  as  follows: 

1 .  Water  containing  THF  at  a  fixed  rate  is  held  in  the  holder. 

2.  Vacuum  is  created  inside  the  reactor  vessel,  using  vacuum  pump. 

3.  After  obtaining  adequate  vacuum  state,  the  THF  solution  is  transferred  to  the  vessel  by  valve  operation. 

4.  Successively,  methane  gas  is  also  transferred  there  from  the  gas  bomb  until  internal  pressure  of  the  vessel 
becomes  a  fixed. 


5.  The  vessel  is  gradually  cooled,  stirring  the  solution  by  the  agitator. 

6.  When  temperature  of  the  solution  attains  a  certain  temperature  clathrate  formation  occurs. 

7.  At  the  time  when  clathrate  formation  is  first  recognized  vessel’s  inside  pressure  and  temperature  of  the 
solution  are  marked  on  the  recorder. 


8.  The  recorded  values  are  respectively  regarded  as  critical  pressure  P^,  and  temperature  Tc  of  clathrate 
formation  under  the  specific  test  condition. 
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Holder  of  THFsoluUon 


To  vacuvim  pump 


CH4/CO2 

gas  bomb  . 

Keacter  vessel 

Fig.  2.  Schematic  diagram  of  experimental  apparatus 


In  Fig.3  the  relation  between  P  and  T  is  shown.  The  sohd  rhombic  marks  are  experimental  points  obtaind 
through  similar  successive  tests  mentioned  above.  The  curve  tracing  these  points  is  drawn  according  to  the 
following  consideration.  Namely,  as  it  is  also  seen  for  CO2  hydrate,  formation  of  methane  hydrate  is 
accompanied  with  heat  release  and  heat  absorption  due  to  phase  change.  Here,  if  Clapeyron-Clausius 
equation  is  applied  to  the  relation  between  the  pressure  P  and  the  temperature  T ,  we  have: 

(1) 

dT  Tv' 

under  assumption  that  molar  volume  change  of  saturated  vapor  v  is  much  greater  than  that  of  the  liquid.  Further, 
application  of  equation  of  state  for  ideal  gas,  Pv’  =  RT  ,  transforms  Eq.  1,  as: 


dP  PAH 
dT  ~  RT^ 


which  gives 


ln?  =  - 


AH 

R 


(2) 


(3) 


where  R  is  gas  constant,  and  constant  C  is  concretely  determined  together  with  AH  ,  if  appropriate  boundary 
conditions  are  set  up. 

On  the  other  hand,  if  the  testing  points  and  the  tracing  curve  are  indicated  on  coordinates  of  InP  and  (1/T),  value 
of  AH  can  be  determined  from  a  slope  of  the  straight  line  transformed  from  the  curve.  Consequently,  using  R  = 
5 1 8.46  J  /  (kg  •  K)  for  methane,  AH  =  1 .2  x  10’’  J  /  kg  is  obtained  for  the  case  when  molal  ratio  of  THF  to  water, 
namely  C,  is  0.1.  The  another  curve  seen  in  Fig.  3  is  a  case  of  no  THF  additive,  which  is  shown  for  reference. 
Needless  to  say,  upper  part  of  these  lines  is  the  domain  where  methane  clathrate  can  be  formed.  The  comparison 
of  the  both  domains  tells  us  that  THF  additive  offers  extreme  facility  for  methane  clathrate  formation.  The 
formed  clathrate  is  a  sherbet-like  material,  whose  appearance  can  be  seen  in  the  left  picture  of  Fig.  4.  Its  ignition 
is  easily  achieved  only  by  bringing  an  open  fire  to  it,  and  it  burns  as  seen  in  the  right  picture. 

As  a  next  step,  the  effect  of  THF  concentration  on  CH4  clathrate  formation  can  be  seen  from  Fig.  5.  Here,  the 
horizontal  axis  C  having  unit  of  [mol/mol]  is,  as  is  already  explained,  the  molal  ratio  of  THF  against  water. 
Experimental  measurements  were  performed  at  constant  pressure  of  0.83  MPa,  altering  the  value  of  C  for  each 
experiment  and  recording  the  value  for  T.  From  this  figure  it  can  be  see  that  THF  shows  the  most  marked  effect 
when  C  is  in  the  range  of  0.05-0.1.  Accordingly,  the  tests  related  to  Fig.  3  become  to  be  carried  out  under  best 
setting  of  C. 
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Fig.  3.  Relation  between  P  and  T  for  methane 
clathrate  formation 


Fig.  4.  Appearance  of  methane  clathrate 


Fig.  5.  THF  concentration  effect  upon  CKj  clathrate  formation 

Now,  we  have  paid  our  attention  only  to  methane  clathrate  heretofore.  However,  considering  that  our  ultimate 
interest  is  efficient  usage  of  biogas,  influence  of  CO2  should  be  also  investigated.  Roughly  speaking,  biogas  is 
said  to  be  a  compound  gas  of  CO2  and  methane  with  content  of  about  60  %.  Most  of  the  residual  being  CO2, 
necessity  for  experiments  determining  the  influence  of  CO2  on  methane  clathrate  formation  appeared,  which 
obliged  us  to  do  the  relevant  tests  using  artificial  mixed  gas.  Then,  if  we  denote  molal  ratio  of  CO2  to  CH,  by 
K  ,  mixed  gas  samples  of  five  kinds  ware  prepared.  K  value  of  these  samples  is  chosen  to  be  0.1,  0.2,  0.3,  0.4 
and  0.5.  In  addition,  two  more  samples  of  K"  =  0  and  1  were  added.  Needless  to  say,  additional  sample  of  ic  =  0 
is  methane  itself  and  another  is  CO2  gas  itself.  However,  intentional  consideration  of  the  unmixed  gas  is  mainly 
for  reference. 

Experimental  results  related  to  these  gas  samples  are  shown  in  Fig.  6.  The  results  for  k=  0.2  and  0.4  are 
omitted  here  to  avoid  confusion.  Testing  points  for  the  mixed  gases  are  distributed  in  the  domain  vaguely 
enclosed  by  testing  points  of  CH4  (k-=  0)  and  CO2  {k=  1).  In  addition,  it  can  be  easily  noticed  that  with 
increase  of  K  value  they  shift  entirely  and  gradually  towards  points  of  CO2.  Furthermore,  it  can  be  seen  that  CO2 
clathrate  can  be  easily  formed  even  under  the  normal  pressure  and  temperature  provided  that  C  =  0.1.  Therefore, 
judging  from  these  experimental  results,  easier  formation  of  CO2  clathrate  will  naturally  change  more  or  less  the 
composition  ratio  of  the  mixed  gas  clathrate.  Hereupon,  gas  analysis  of  dissociated  gas  of  these  clathrates  was 
performed  using  gas-chromatography  and  the  results  are  indicated  in  Fig.  7.  By  indicating  simultaneously  the 
values  of  gas-chromatography  analysis  and  the  original  gas  compositions  on  the  same  picture,  it  can  be  easily 
recognized  that  the  content  of  CO2  for  the  every  mixed  gas  increases  by  clathrate  formation.  Hence,  it  is 
necessary  to  remove  CO2  in  advance  from  biogas,  if  biogas  is  desired  to  be  stored  under  higher  energy  density. 
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Fig.  7.  Gas  composition  shift  of  mixed  gas 


3.2  Removal  of  CO?  from  Biogas  fSI 

Due  to  critical  temperature  difference  of  CO2  and  CH4  biogas  cooling  may  be  a  method  of  CO2  removal  from 
the  gas.  However,  expected  high  energy  consumption  prevents  us  from  practical  application  of  this  method. 
Under  such  circumstances  alternative  method  by  chemical  absorption  has  been  investigated.  Concretely 
speaking,  as  it  is  known,  monoethanolamine  (ME A)  reacts  with  CO2  as  follows: 

2R  -  NH2  +  CO2  R  -  NHCOONH3  -  R 

where  R  is  alkyl  radical.  Now,  when  surroundings  is  under  room  temperature,  the  above  reversible  reaction 
proceeds  from  the  left  to  the  right,  absorbing  CO2.  On  the  other  hand,  under  high  surrounding  temperature  such 
as  more  than  100  °C,  the  reaction  proceeds  conversely,  releasing  CO2.  Hence,  in  addition  to  a  small  quantity  of 
heat  consumption  MEA  is  said  to  have  possibility  of  repeated  use  through  its  resuscitation.  Furthermore,  the 
material  has  no  reactivity  upon  CH4  at  present.  These  convenient  properties  will  make  CO2  removal  by  MEA 
more  facile.  Unfortunately,  these  natures  are  not  necessarily  confirmed  yet  completely.  However,  according  to 
our  experiments,  the  following  natures  of  MEA  are  clarified: 

1 .  Temperature  lower  than  70°C  is  recommended  for  CO2  absorption  process. 

2.  Existence  of  CHt  in  the  mixed  gas  interrupts  fairly  active  CO2  absorption. 

3.  CO2  absorption  rate  per  unit  time  increases  naturally  with  increment  of  contact  area  of  MEA  and  the  mixed 
gas. 

4.  Regardless  of  presence  of  CH4  absorption  by  MEA,  considerable  absorption  of  CO2  is  confirmed  under  room 
temperature  environment  in  final,  which  is  checked  by  reaction  of  lime  water  and  the  released  gas  from 
C02-rich-ME A,  namely,  MEA  which  is  under  CO2  saturation. 

5.  Temperature  more  than  120  °C  is  required  to  obtain  active  CO2  release  from  C02“rich-MEA. 

On  the  other  hand,  in  our  confirmatory  experiments  MEA  resuscitation  is  unsuccessful  yet  at  present. 
Nevertheless,  if  CO2  removal  reactor  by  MEA  from  biogas  is  boldly  designed  with  reference  to  the  MEA 
natures  already  confirmed,  a  setup  shown  in  Fig.  8  is  proposed  for  the  present. 

4.  EXPECTED  BIOGAS  STORAGE  SYSTEM 

Fundamental  information  necessary  to  set  up  biogas  storage  system  could  be  obtained  through  our  confirmatory 
tests.  Under  such  situation,  a  system  as  shown  in  Fig.  9  can  be  considered  as  a  biogas  using  system  with  ability 
storing  biogas  compactly,  although  there  remain  still  unsolved  problems  such  as  reuse  of  THF  and  MEA 
resuscitation  for  instance. 


TaiperatureTCIQ 

Fig.  6.  Relation  of  P  and  T  for  clathrate 
formation  of  mixed  gas  of  CH4  and  CO2 
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In  the  system  biogas  is  fundamentally  utilized  directly.  However,  the  extra  comes  to  be  stored  in  clathrate  form. 
Stored  clathrate  is  naturally  taken  out  according  to  demand  and  utilized  for  the  purpose  of  many  kinds.  Due  to 
comparatively  rich  energy  density,  its  field  of  utilization  is  wider  as  compared  with  the  case  of  gaseous.  Usage 
as  a  fuel  for  a  internal  combustion  engine  may  become  as  one  of  suitable  example. 


Fig.  8.  Structure  of  packed  Fig.  9.  Biogas  storage  system  presently  supposed 

column  for  CO2  removal 


5.  CONCLUSIONS 

Summarizing  the  main  results  of  this  paper,  the  following  items  can  be  cited: 

1 .  Addition  of  THF  offers  easier  physical  conditions  for  methane  clathrate  formation. 

2.  THF  molal  ratio  added  to  water  is  recommended  from  0.05  to  0. 1  for  methane  clathrate  formation. 

3.  Methane  clathrate  formation  can  be  observed  by  adding  THF  additive  even  under  slightly  pressurized  and 
reduced  temperature  environment  from  the  normal  surroundings. 

4.  Concerning  hydrate  formation  for  mixed  gas  of  CH4  and  CO2,  the  formation  produces  CO2  concentration. 

5.  MEA  is  supposed  to  absorb  selectively  CO2  from  the  mixed  gas  under  room  temperature. 

6.  CO2  absorption  rate  per  unit  time  by  MEA  is  approximately  proportional  to  contact  area  of  MEA  and  the 
mixed  gas. 

7.  MEA  heating  more  than  120  °C  releases  actively  the  gas  formerly  absorbed. 

Anyhow,  these  results  might  help  to  realize  easy  biogas  storage  further.  If  much  biogas  is  stored  compactly, 
biogas  can  serve,  for  example,  as  a  alternative  fuel  of  light  oil  for  various  farm  appliances.  However,  to  realize 
such  a  situation,  there  remains  still  more  subjects  to  be  investigated  such  as  THF  recovery  and  the  reuse,  check 
of  MEA  durability,  practical  high  energy-conservative  system  design  for  the  attendant  provisions  and  so  forth. 
Hence,  it  is  quite  expected  that  such  subjects  are  faithfully  worked  out  hereafter. 
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ABSTRACT  This  study  constitutes  a  part  of  attempt  to  develop  a  clean  and  high  efficiency  combustion 
system  utilizing  reactions  in  supercritical  water.  This  study  is  aimed  at  establishing  the  measuring  techniques  of 
transport  properties  and  observing  techniques  of  reaction  zone  in  supercritical  water.  First,  the  refractive  index 
of  water  was  measured  because  previous  values  were  not  available  in  supercritical  region.  The  rneasiuements 
were  made  at  the  temperatures  from  ambient  temperature  to  420°C  and  pressures  from  atmospheric  pressure  to 
27MPa  The  results  show  that  the  refractive  index  is  constant  in  the  experimental  conditions  within 
experimental  errors.  Next,  the  mass  diffusivity  of  gas  in  supercritical  water  was  measured.  Nitrogen  was  used 
in  this  experiment  to  avoid  the  effects  of  reaction.  The  mass  diffusivity  of  nitrogen  in  supercritical  water  was 
calculated  from  the  fringe  shift.  The  results  show  that  the  activation  energy  of  the  diffusion  is  as  large  as  those 
of  chemical  reactions. 

1.  INTRODUCTION 

Supercritical  fluids  are  widely  used  as  solvent  extraction  media  and  also  as  an  environment  for  chemical 
reactions,  due  to  the  unique  solvent  characteristics  of  these  fluids.  Pure  water  is  called  in  supercritical  state 
when  its  temperature  and  pressure  exceed  374.2°C  and  22.1MPa,  respectively.  In  the  supercritical  and  near- 
critical  regions,  the  density  of  water  is  a  strong  function  of  both  temperature  and  pressure,  leading  to  large 
changes  in  the  physical  properties  particularly  the  solution  behavior.  Therefore,  supercritical  water  oxidation  is 
expected  to  be  an  advanced  technology  for  clean  combustion.  But  the  properties  in  supercritical  water  are  not 
fully  knovwi  because  of  difficulties  in  experiments  under  high  temperatures  and  pressures.  The  studies  utilizing 
supercritical  fluids  as  solvent  for  separation  extraction  have  been  often  discussed  since  1970  s  [1].  Supercritical 
water  was  demonstrated  to  be  utilized  also  for  decomposition  of  waste  materials  and  toxic  substances  such  as 
plastics,  polychlorinated  biphenyl  and  freon  [2-4].  Combustion  phenomena  at  supercritical  condition  are  studied 
well  also.  Under  supercritical  condition,  an  observation  of  diffusion  flame  of  oxygen  and  a  mixture  of  methane 
and  methanol  [5,  6],  reaction  kinetic  studies  of  hydrogen  and  carbon  monoxide  [7],  and  an  analysis  of  diffusion 
flame  structure  [8]  were  discussed.  A  new  energy  system  using  a  supercritical  combustion  and  a  coal  highly 
utilization  system  using  supercritical  water  are  studying  as  national  projects  of  Japan,  which  are  organize  y 
NEDO  (The  New  Energy  and  Industrial  Technology  Development  Organization). 

Consistency  of  energy  balance  is  an  important  criteria  to  realize  these  proposals  for  practical  use,  because  large 
amount  of  heat  ant  pump  work  energy  are  required  to  maintain  a  supercritical  condition  at  high  temperature  and 
pressure.  A  work  for  ideal  isotherm  compression  of  air  from  atmosphere  to  22MPa,  which  is  supercritical 
pressure  of  water,  is  corresponded  to  11-17%  of  the  combustion  energy  of  hydrogen  or  carbon  with  the 
stoichiometric  amount  of  air.  Then  a  balance  between  the  required  energy  and  the  added  value  of  performance 
of  supercritical  condition  have  to  be  considered.  This  study  attempts  to  develop  a  clean  and  high  efficiency 
combustion  system  utilizing  reactions  in  supercritical  water  for  decomposition  of  waste  materials.  Enhancement 
of  combustion  ability,  which  needs  a  realization  of  a  formation  of  reaction  zone  under  supercritical  condition,  is 
a  practical  subject.  As  the  first  step  of  this  program,  the  mass  diffusivity  of  gas  in  supercntical  water  was 
measured  using  a  supercritical  reactor  installed  with  an  optical  interferometer. 

2.  EXPERIMENT 

A  supercritical  water  reactor  and  an  optical  interferometer  was  adopted  in  this  experiment  study.  The 
experimental  setup  shown  in  Fig.  1(a)  was  composed  of  (1)  a  high  pressure  reaction  cell  in  an  electric  ^ace, 
(2)  water  supply  and  pressure  regulation  system,  (3)  gas  supply  system  and  (4)  Mach-Zehnder 
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interferometer»system.  A  He-Ne  laser  was  used  as  the  light  source  for  of  the  interferometer.  The  reaction  cell 
shown  in  Fig.  1(b)  has  lOcm^  of  inner  volume  and  a  couple  of  sapphire  windows  (5mm  of  diameter)  which  was 
used  for  the  interferometric  measurement.  The  cell  temperature  was  controlled  by  an  electric  furnace 
monitoring  a  thermocouple  at  inner  side  of  the  cell.  The  cell  was  installed  three  ports  for  introductions  of  high 
pressured  water  and  gas,  and  a  discharge  of  them.  The  water  was  supplied  by  a  high  pressure  plunger  pump  and 
controlled  the  pressure  by  a  back  pressure  regulator.  The  gas  was  pressurized  by  a  manual  screw  pump.  The 
water  and  gas  were  supplied  to  the  cell  through  pre-heating  coils.  The  interferograms  were  recorded  CCD 
camera  and  analyzed  graphically  by  a  personal  computer. 


recorder 


(a)  (b) 

Fig.  1.  Experimental  apparatus 

The  mass  diffusivity  of  a  gas  in  supercritical  water  was  mainly  measured  because  an  oxidizer  for  a  practical 
supercritical  combustion  was  supposed  to  be  supplied  in  a  gas  state.  It  is  considered  to  use  air  as  a  common 
oxidizer  in  supercritical  water.  Then,  nitrogen  gas  is  employed  as  an  alternative  of  air  for  a  model  oxidizer  gas 
in  the  diffusion  experiment  to  avoid  the  effects  of  reaction.  The  interferometric  fringes  were  observed  from  the 
interferograms  experiment.  Because  fringes  shifted  depending  on  changes  in  density  field,  the  mass  diffusivity 
of  nitrogen  in  supercritical  water  was  calculated  from  the  fringe  shift. 

3.  RESULTS 

Reflactive  Index  Measurement  of  Sub-and  Supercritical  Water 

The  interferometric  fringes  analysis  of  the  Mach-Zehnder  interferometer  needs  a  refractive  index  of  a  media. 
The  reflactive  index  of  water  at  high-temperature  and  pressure  was  measured  firstly  in  this  study,  because  the 
index  around  supercritical  condition  had  not  reported  enough.  It  is  known  that  a  refractive  index  is  proportional 
to  a  density  of  a  compressive  media  as  follows. 

n  =  l  +  Kp  (1) 

An  =  KAp  =  ^  (2) 

n[-],  p[kg/m^],  h[-],  X[m]  and  L[m]  show  a  refractive  index,  density  of  the  media,  shift  amount  of 
interferometric  fringe,  and  optical  length,  respectively.  The  proportional  constant,  K,  is  called  as  Gladstone- 
Dale  constant.  The  measured  Gladstone-Dale  constants  for  sub-  and  supercritical  water  are  shown  in  Fig.  2. 
Symbols  “E”  and  “J”  in  the  figure  show  the  constants  under  ambient  temperature  water  at  atmospheric  pressure 
to  27Mpa,  and  a  literature  value  for  steam  [11],  respectively.  The  constants  at  ambient  temperature 
independents  from  pressure,  and  are  similar  value  to  the  vapor's  one.  Measured  values  at  high-  temperature  and 
pressure  were  shown  in  the  figure.  These  experimental  values  are  also  close  to  the  atmospheric  water’s  one. 
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Scatterin'^  of  values  at  high-pressure  and  temperature  would  be  affected  from  noises  of  the  back  pressure 
re<^ulator°control.  Since  the  measured  Gladstone-Dale  constant  in  vapor,  water  and  supercritical  water  ^e 
suLtantially  the  same  values,  the  constant  value  of  0.33cmVg  is  employed  as  the  unique  value  of  water  for  the 
following  discussion. 
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Fig.  2.  Gladstone-Dale  constants  for  water  at  sub-  and  supercritical  phases  *literature  value  [11] 

A/Tpticiirpmpnt  of  Diffusion  of  a  Gas  in  a  Supercritical  Water  .  ,  .  ,  j  j 

Diffusion  speed  of  nitrogen  into  a  supercritical  water  was  measured.  Nitrogen  (N2)  which  had  pressurized  and 
heated  previously  was  introduced  to  the  supercritical  water  reactor  cell  by  the  screw  pump  to  observe  the 
diffusivity  of  nitrogen  in  the  water  optically.  The  diffusion  process  observed  through  the  sapphire  windows  of 
the  reactor  cell  is  shown  in  Fig.  3.  An  area  in  the  circle  and  a  black  rectangle  in  the  figure  shows  the  cell  inside 
through  the  window  and  a  thermocouple  inside,  respectively.  The  interferometric  fringes  ^produced  by  the 
interferometer  were  observed  in  the  circle.  Fig.  3(a)  shows  supercritical  water  state  at  400  C  and  27.6  MPa 
before  N2  injection.  When  N2  at  a  high  temperature  and  pressure  was  injected  into  the  cell,  interferom^ic 
frinc^es  once  disappeared  because  of  scattering  the  laser  light  by  a  random  mixture  phase  of  N2  and  water  (Fig. 
3(b)'^at  29  sec.  after).  The  density  field  of  N2  became  moderate  around  bottom  and  top  parts,  and  interferometric 
fringes  appeared  again  in  Fig.  3(c)  and  (d).  In  a  little  while,  the  fringes  become  clear  again  in  all  area  (Fig.  3(e) 
and'^f)).  After  15  min.  at  which  the  density  change  and  fringes  shift  became  moderate  enough  for  measurement, 
the  fringes  shift  rate  (h)  was  measured  and  the  diffusion  coefficient  was  calculated. 


(a)  Before  N2  injection  (b)  29  sec  after  Ng  injection 


(c)  66  sec 


(e)  90  sec 


(f)  15  min 


Fig.  3.  Observation  of  nitrogen  gas  diffusion  into  a  supercritical  water  at  400®C  and  27.6Mpa 
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Calculation  of  Concentration  of  Nitrogen  in  a  Supercritical  Water 

Nitrogen  diffusion  in  a  supercritical  water  was  analyzed  by  the  nitrogen  concentration  change  measurement  in 
the  experimental  cell.  The  process  for  nitrogen  concentration  calculation  is  shown  as  follows.  Under  the 
assumption  that  the  nitrogen  and  water  mixture  is  an  ideal  mixture,  the  relation  between  the  index  (n)  and  a 
nitrogen  molar  concentration  (:r[-])  is  depicted  as  follows. 


n  —  xKfjpf^Q  +  (1  x)KjjPjjg  + 1 
=  xnNo  +  (l-x)nHo  +1 


(3) 


The  subscripts  of  N,  H  and  0  shows  nitrogen,  hydrogen  and  an  individual  value.  Then,  molarity,  c  [mol/m^]  is 
introduced  in  the  equation. 


^HO  ^ 


Cno 


+  1 


(4) 


The  refractive  index  change  rate  is  depicted  as  follows. 


An  _  (nj^o  -  n^o) 
At  ~  {Z-\f 


Ax 


X  +- 


1  Y  At 
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(5) 


since  Z  = 


Cno 


Then,  the  molar  concentration  change  rate  is  shown  as  follows. 

Ax  ./  „\2Ah 

—  =  Alx  +  Br  — 

At  At 


(6) 


since  A  ^ 


(Z  - 1)^  X 


(itNO  “  nHo)Z  L 


B=- 


Z-1 


At=lmin  and  measurement  interval  was  5min  in  this  study,  then,  the  change  of  x  between  time  of  i-1  to  i  is 
defined  as. 


Xi_i  =Xi  +-J]A(xi_i  +  B)^-^ 
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(a)  (b) 

Fig.  4.  Measurement  of  nitrogen  concentration  change,  (a)  Measurement  areas,  (b)  measured 
concentration  changes 
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An  experimental  concentration  change  was  calculated  from  Eq.  (7).  The  terminal  nitrogen  molar  concentration, 
Xw,  which  is  required  for  the  calculation  was  measured  experimentally  by  the  measurement  of  discharged  water 
amount  from  the  cell  by  the  nitrogen  injection.  The  concentration  changes  were  calculated  from  the 
measurement  of  the  fringe  shift  amount,  h,  at  some  parts  at  the  sapphire  window  which  were  top,  medium  and 
bottom  parts  shown  in  Fig.  4(a).  The  molar  concentration  changes  at  the  three  parts  are  shown  in  Fig.  4(b).  The 
concentration  changes  to  time  show  diffusion  of  nitrogen  into  the  supercritical  water.  The  concentration 
gradient  between  the  three  pats  was  not  steep.  Then,  the  concentration  at  the  medium  part,  Xm,  was  employed 
for  the  following  discussion  as  a  representative  experimental  value. 

4.  DISCUSSIONS 


Derivation  of  the  Diffusion  Coefficient 

A  diffusion  coefficient  of  nitrogen  to  supercritical  water  was  discussed  using  above  experimental  results.  A 
diffusion  model  was  set  up  for  the  discussion.  Fig.  5  shows  the  initial  condition  of  the  model.  It  was  assumed 
that  after  nitrogen  injection  the  three  phase  zones,  that  is,  a  random  mixture  zone  between  H\  and  H2,  pure 
nitrogen  and  water  zone,  are  formed  initially.  Fig.  5  (b)  depicts  the  initial  phase  structure  in  the  cell,  and  Fig.  5 
(a)  shows  the  nitrogen  concentration  distribution  at  the  structure.  Then,  it  is  presumed  that  a  distribution 
between  three  phases  proceeds  to  a  uniform  concentration  according  to  the  following  equation  based  on  the 
Fick's  second  low. 


Fig.  5.  Initial  condition  of  simulation  model,  (a)  initial  nitrogen  concentration  distribution,  (b)  schematic 
diagram  of  initial  phase  structure 
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N  [mol/m^.s]  and  D  [mVs]  shows  a  molar  flax  and  a  diffusion  coefficient,  respectively.  JT2=40nim  was  used  the 
following  discussion  because  the  value  was  most  fitted  to  the  experimental  results  from  a  previous  study.  A 
nitrogen  concentration  distribution  change  in  the  cell  was  simulated  from  Eq.  (8)  by  assuming  a  value  of  the 
diffusion  coefficient.  Then,  the  simulation  results  was  compared  with  the  experimental  result  statistically.  Fig. 
6  shows  a  relative  error  distribution  between  a  simulation  and  an  experimental  result  at  T=400  C  and 
P=27.6MPa,  Xw=0.139.  The  error  distribution  shows  as  parameters  of  the  diffusion  coefficient,  D,  and  the 
height  of  water  phase,  Hx-  The  more  an  area  becomes  dark,  the  less  the  relative  error  becomes.  5.0  mm  /s  of  D 
was  the  most  appropriate  value  in  this  condition.  Then,  Fig.  7  shows  the  comparison  between  the  experimental 
result  and  simulated  result  at  the  same  diffusion  condition  with  regard  to  Xn,.  The  simulation  result  agrees  well 
the  experimental  one. 
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-  Simulation  line 

•  Experimental  value 


D  [mm^/s]  Time  [min] 


Fig.  6.  Relative  error  distribution  of  the 
diffusion  coefficient 


Fig.  7.  Comparison  of  simulation  result  and 
measured  value 


Dependency  of  the  Diffusion  Coefficient  to  the  Temperature 


and  Concentration 


Calculated  diffusion  coefficient  for  each  experiment  was  derived  by  above  procedure.  The  calculated  values 
ofD  are  shown  against  the  terminal  nitrogen  concentration,  x*,  with  the  cell  temperature  as  a  parameter  in  Fig.  8. 
The  coefficient  becomes  larger  at  a  higher  temperature  and  a  lower  nitrogen  concentration.  Orders  of  diffusion 
coefficients  of  liquid  and  gas  phases  are  generally  10'^  and  10‘^'[mm^/s],  respectively.  The  diffusion  coefficient 
of  this  study  at  supercritical  condition  was  intermediate  between  liquid  and  gas  phases'  one. 


The  coefficient  dependency  on  the  cell  temperature  was  discussed  using  Arrhenius'  low  defined  as  follows, 


D  =  D 


0 


(10) 


The  activation  energy  of  diffusion,  Q,  was  80-200  kJ/mol  on  these  results.  Q  was  as  large  as  those  of  chemical 
reactions 
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Fig.  7.  Comparison  of  simulation  result  and  measured  value 


1551 


5.  CONCLUSIONS 


1.  The  observation  method  of  gas  diffusion  process  in  a  supercritical  water  was  demonstrated. 

2.  The  Gladstone-Dale  constant  were  measured  widely  at  sub-  and  supercritical  water.  The  G.-D.  constant 
value  remained  constant  in  the  wide  condition  including  supercritical  state. 

3.  The  diffusion  coefficient  of  nitrogen  to  supercritical  water  were  obtained.  The  value  of  the  coefficient  was 
intermediate  between  gas  and  liquid's  one.  The  activation  energy  of  diffusion  is  as  large  as  those  of 
chemical  reactions. 

NOMENCLATURES 


c:  concentration  [mol/m^] 

D:  diffusion  constant  [m^/s] 

Do:  frequency  factor  [m^/s] 

H:  height  from  cell  bottom  [m] 

h:  amount  of  passage  of  interferometric  fringes 

K:  Gladstone-Dale  constant  [m^/kg] 

L:  optical  length  [m],  M:  molecular  weight  [g/mol] 
N:  molar  flux  [mol/m^  s] 
n:  refractive  index  [-] 

P:  pressure  [Pa] 

Q:  energy  of  activation  [J/mol] 

R:  gas  constant  [J/kg  K] 
s^:  relative  error 


T:  temperature  [K] 
t:  time  [s] 

X  :  N2  mole  fraction  [-] 
p:  density  [kg/m^] 

X:  wave  length  of  laser  beam  [m] 

Subscripts 
H:  water 
N:  nitrogen 
w:  terminal  or  whole 
0:  independent 
1:  area  of  water 

2:  area  of  mixture  of  water  and  nitrogen 
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ABSTRACT.  A  large  amount  of  waste  cooking  oil  is  generated  by  the  restaurants  in  Hong  Kong  every  day. 
Currently,  there  is  no  efficient  way  to  dispose  of  this  waste  material,  which  are  simply  dumped  into  sewers.  In 
1997,  the  government  collected  about  $220M  as  sewage  charges  from  the  restaurant  trade.  This  poses  a  heavy 
burden  on  the  trade  as  well  as  on  the  government's  wastewater  treatment  facilities.  Biodiesel  is  a  clean-burning 
fuel  made  from  natural,  renewable  sources  such  as  vegetable  oils.  The  study  on  the  feasibility  of  replacing  diesel 
by  biodiesel  fuel  is  increasing  in  recent  years  due  to  the  increasing  pressure  in  reducing  the  emissions  from 
diesel  vehicles.  Biodiesel  is  considered  as  a  cleaner  alternate  fuel  to  substitute  the  diesel  fuel  in  USA  and  many 
other  countries  in  Europe.  This  paper  presents  our  study  on  the  biodiesel  production  technology  using  waste 
cooking  oil  generated  from  local  restaurants.  Different  recipes  to  make  biodiesel  from  waste  oil  are  investigated 
and  compared  with  those  produced  from  neat  vegetable  oil.  The  effect  of  process  parameters,  such  as  mixing, 
reaction  and  washing  times,  heating  temperature  for  filtration  and  separation,  reaction  temperature,  incoming 
feedstock  quality  etc.  on  the  quality  of  biodiesel  produced  will  be  discussed  based  on  the  preliminary  data 
obtained. 


1.  INTRODUCTION 

With  the  increasing  demand  in  energy  and  the  continuous  reliance  on  fossil  fuels,  our  world  is  facing  the  threat 
of  shortage  and  exhaustion  of  these  valuable  resources.  With  the  current  fuel  consumption  trend,  it  is  indicated 
that  fossil  fuels  would  be  exhausted  within  the  next  45  years  for  oil,  330  years  for  coal  and  55  years  for  natural 
gas  [1].  At  the  same  time,  human-beings,  animals  and  plants  are  being  subjected  to  health  deterioration  due  to 
the  increasing  exhaust  emissions  from  using  different  fossil  fuels.  Our  world  is  becoming  susceptible  and 
vulnerable  to  the  damage  made  by  us.  We  have  no  choice  but  immediately  take  great  strides  to  stop  this  trend, 
thus  keeping  our  living  environment  sustainable.  In  the  past  several  decades,  many  cities  become  modernized 
as  a  result  of  economic  growth.  One  outcome  of  the  modernization  is  the  tremendous  increase  in  exhaust 
emissions  from  road  vehicles  which  account  for  great  proportion  of  total  emissions,  especially  in  urban  area.  In 
this  case,  alternative  fuels,  especially  those  renewable  like  biodiesel,  are  therefore  of  great  interest  to  lots  of 
researchers,  government  officials,  lawmakers  and  general  people. 

Hong  Kong  is  a  small  metropolitan  with  very  high  population  and  vehicle  density.  Geographically  Hong  Kong 
is  embraced  by  clusters  of  mountains  and  highrise  buildings.  Therefore,  vehicle  exhaust  emissions  in  Hong 
Kong  are  more  serious  than  any  other  regions  as  indicated  by  the  daily  reported  roadside  air  pollution  index.  A 
government  report  [2]  indicated  that  the  major  on-road  emissions  come  from  vehicles  using  diesel  fuel  and 
proposed  all  diesel  taxis  to  switch  to  LPG  fuel  in  the  coming  years.  Apart  from  that  other  alternative  fuels  are 
also  well  considered.  Of  these,  biodiesel  is  the  one  which  receives  increasing  attention  by  the  public.  Biodiesel 
is  a  clean  burning  alternative  fuel  for  diesel  engine  produced  from  renewable  resources  such  as  vegetable  oils 
and  animal  fats.  Chemically,  it  consists  of  mono  alkyl  ester  (for  example,  methyl  ester,  ethyl  ester)  of  long  chain 
fatty  acids  derived  from  renewable  lipid  source.  Biodiesel  has  several  advantages  as  alternative  fuel  in  the 
safety,  toxicity  and  biodegradability  aspects.  Besides,  it  is  advantageous  to  the  environment.  Some  of  these 
advantages  are  stated  below: 
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•  Particulate  matter  (respirable  fraction)  emissions,  which  is  a  human  health  hazard  when  breathed  can  be 
cut  significantly; 

•  Greatly  reduces  the  amount  of  carbon  monoxide  emitted  from  vehicles; 

•  Ozone  forming  potential  of  the  hydrocarbon  emissions  of  biodiesel  nearly  50%  less  than  that  of  petroleum 
fuel; 

•  Contains  essentially  no  sulfur,  therefore  greatly  reduces  sulfur  dioxide  (and  hence  particulates)  emission 
from  diesel  vehicles. 

•  A  net  gain  of  energy  producing  biodiesel; 

•  Biodegrades  as  fast  as  dextrose; 

•  Polycyclic  aromatic  hydrocarbons  (PAH’s)  and  nitrated  PAH’s,  both  of  which  are  identified  as 
carcinogenic  compounds,  can  be  reduced  by  75%  to  85%  in  engine  tests. 

Other  Characteristics  of  biodiesel  are  listed  as  follows: 

•  Lubricity:  it  provides  improved  lubricity  compared  to  conventional  diesel  fuel  leading  to  decreased 
maintenance  costs. 

•  Hexible  blending:  it  can  be  mixed  at  any  level  with  petroleum  diesel.  It  has  been  demonstrated  that  20% 
volume  biodiesel  blended  with  80%  volume  petroleum  diesel  has  similar  fuel  consumption,  horsepower, 
and  torque  as  petroleum  diesel. 

•  Safety:  Biodiesel  is  a  fuel  with  higher  flash  point  (>100  °C )  than  petroleum  diesel,  therefore  it  is  safer  to 
store  and  handle  biodiesel. 

•  Minimum  modification:  Biodiesel  does  not  require  expensive  modifications  to  engine  or  refueling  facilities 
and  mechanics  do  not  have  to  be  retrained. 

A  large  amount  of  waste  cooking  oils  (WCO)  is  generated  by  the  restaurants  in  Hong  Kong  including  traditional 
Chinese  and  Western  style  restaurants,  and  fast  food  chains  like  McDonald’s  and  Kentucky.  In  1997,  the  Hong 
Kong  government  collected  about  $220M  as  sewage  charges  from  the  restaurant  trade.  Traditional  way  of 
disposing  these  WCO  is  not  only  expensive  to  the  trade,  but  also  increases  the  burden  of  sewage  treatment  and 
maintenance  of  sewers.  The  present  study  is  initiated  due  to  the  above-mentioned  facts  and  due  to  the  potential 
benefits  of  converting  WCO  to  biodiesel. 

2.  BIODIESEL  PRODUCTION  TECHNOLOGY 

Up  to  now,  plenty  of  researches  have  been  conducted  on  biodiesel  production  using  neat  vegetable  oils  but  very 
little  of  thke  studies  is  related  to  the  use  of  waste  cooking  oil  as  raw  material.  Therefore,  an  overview  of 
biodiesel  production  technology  using  neat  vegetable  oils  or  fats  is  made  here,  which  is  a  very  good  reference  to 
the  present  work.  There  are  three  basic  routes  to  produce  biodiesel  from  oils  and  fats: 

1 .  Base  catalyst  transesterification  with  methanol. 

2.  Direct  acid  catalyzed  esterification  with  methanol. 

3.  Conversion  of  oil  to  fatty  acids,  and  then  to  methyl  ester  with  acid  catalysis. 

The  majority  of  the  methyl  ester  produced  today  is  done  with  the  base  catalyzed  reaction  because  of  the 
following  reasons: 

•  Low  temperature  (-65  °C)  and  pressure  (20  psi)  during  conversion; 

•  High  conversion  (98%)  with  minimal  side  reactions  and  reaction  time; 

•  Direct  conversion  to  methyl  ester  with  no  intermediate  steps; 

•  Exotic  materials  of  construction  not  necessary. 

In  this  paper,  only  the  first  method,  i.e.  base  catalyst  transesterification,  is  discussed.  Transesterification  is  the 
process  of  reacting  triglyceride  with  alcohol  in  the  presence  of  a  catalyst  to  produce  glycerol  and  fatty  acid 
esters  [3].  In  our  study,  methyl  ester  biodiesel  is  produced  through  transesterification  reaction  of  a  waste 
cooking  oil  with  methanol  in  the  presence  of  sodium  hydroxide  (catalyst).  The  chemical  reaction  is  depicted 
below: 
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C3H5(00CR)3  +  3CH3OH— ^i22H-^3RCOOCH3  +  C3H5(OH)3  (1) 

(Triglyceride)  (Methanol)  (Methyl  Ester )  (Glycerine) 

The  stoichiometry  of  the  above  reaction  requires  three  moles  of  methanol  for  every  mole  of  triglyceride  reacted. 
On  a  weight  basis,  this  corresponds  to  adding  methanol  of  about  10%  by  weight  per  unit  mass  of  oil  processed. 
However,  to  obtain  high  yields  and  reasonable  reaction  time,  an  excess  of  methanol  is  usually  used.  A  variety  of 
base  catalysts  have  been  used  for  this  reaction  including  sodium  hydroxide,  potassium  hydroxide,  sodium 
methoxide  etc.  In  current  experimental  conditions,  only  sodium  hydroxide  was  used  as  the  base  catalyst. 

3.  CONVERSION  METHODOLOGY 

The  procedure  to  complete  the  conversion  of  WCO  into  biodiesel  is  different  from  those  generally  used  for  neat 
vegetable  oils  and  it  consists  of  the  following  steps: 

1)  Filtration  and  separation:  WCO  is  different  in  some  physical  and  chemical  properties  from  neat  oils.  It  is 
normally  contaminated  with  solid  residue  and  other  water  soluble  materials,  which  may  influence  the 
subsequent  transesterification  reaction.  Therefore,  a  delicate  filtration  and  separation  process  is  necessary  to 
filter  the  oil  contaminants  before  conversion.  Normally  WCO  is  very  viscous  and  it  is  recommeded  to  heat 
it  to  about  60°C  before  filtration  and  separation.  It  should  be  noted  that  the  quality  of  WCO  varies  from 
restaurant  to  restaurant  and  this  makes  the  conversion  process  more  difficult  to  control. 

2)  Removal  of  free  fatty  acids  (FFAs):  WCO  has  high  levels  of  FFAs  which  are  natural  degradation  products 
of  oils.  The  FFAs  are  detrimental  to  the  transesterification  process  as  they  can  tie  up  catalyst  through  the 
formation  of  soaps,  as  shown  in  the  reaction  (2)  below  [4]: 

RC00H+CH30Na - ^RCOONa  +  CHjOH  (2) 

(FFA)  (Sodium  Methoxide)  (Soap)  (Methanol) 

In  addition,  soap  formation  in  some  cases  may  begin  to  form  strong  emulsion  with  methanol  and  oil,  which 
is  unbreakable  and  forms  a  cottage  cheese  looking  products,  and  results  in  a  more  difficult  phase  separation 
of  methyl  ester  and  glycerol.  To  prevent  this,  caustic  and  water  are  added  to  the  preheated  WCO  before 
carrying  out  the  transesterification  step. 

3)  Transesterification  reaction.  The  methanol/sodium  hydroxide  mixture  is  charged  into  a  reactor,  either 
continuously  or  batch,  and  the  filtered  WCO  is  added.  Excess  methanol  is  normally  utilized  to  ensure  total 
conversion  of  the  fat/oil  to  the  esters.  The  catalyst  of  sodium  hydroxide  will  first  react  with  FFAs  of  the  oil 
to  form  soap.  There  must  be  enough  additional  catalyst  to  catalyze  the  transesterification  reaction. 

4)  Separation  of  methyl  ester  rich  phase  (Biodiesel)  from  glycerine  rich  phase.  Once  the  reaction  is  completed, 
two  major  products  exists:  glycerine  at  the  bottom  and  methyl  esters  on  the  top.  Due  to  the  density 
difference,  the  two  are  allowed  to  gravity  separation  and  glycerine  is  simply  dravra  off  from  the  bottom.  In 
some  cases,  a  centrifuge  is  needed  to  separate  the  two  products. 

5)  Methyl  ester  purification.  Once  separated  from  the  glyceride,  the  methyl  ester  rich  phase  is  washed  with 
water  to  remove  residual  catalyst,  soaps,  methanol  and  other  water-soluble  components,  and  then  dried,  and 
sent  to  storage.  This  is  the  biodiesel  sample.  The  esters  can  be  distilled  under  vacuum  to  achieve  even 
higher  purity. 

4.  EXPERIMENTAL  SETUP 

The  main  reaction  facilities  is  shown  in  Photo  1  below.  It  consists  of  an  electrically  controlled  mixer  combined 
with  a  transesterification  reactor  of  2000ml.  Figure  1  shows  the  schematic  flowsheet  detailing  the  biodiesel 
production  process. 
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Photo  1.  Main  experimental  facility 


Figure  1.  Schematic  flowsheet  for  biodiesel  production  using  waste  cooking  oil. 


5.  RESULTS  AND  DISCUSSIONS 

The  sample  produced  are  shown  in  Photo  2,  which  indicates  same  recipes  but  different  operating  conditions  and 
different  oil  feedstock.  In  the  photo  there  are  four  samples  of  biodiesel  produced  referred  as  sample  1,  2,  3,  4 
respectively  from  left  to  right.  The  operating  conditions  are:  for  sample  1,  WCO  as  feedstock,  no  FFA  removal 
before  transesterification,  methanol  AVCO  volume  ratio  is  1:  5,  NaOH=1.0%  by  weight  of  total  WCO  used;  for 
sample  2;  WCO  as  feedstock,  FFA  removal,  not  enough  NaOH  pellets  dissolved  in  Methanol,  same  recipe;  for 
sample  3:  WCO  as  feedstock,  FFA  removal,  same  recipe;  for  sample  4:  NCO  as  feedstock,  same  recipe. 
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Photo  2.  Four  samples  of  biodiesel  produced 


The  physical  properties  of  the  typical  biodiesel  produced  using  WCO  and  neat  com  oil  (NCO)  is  shown  in  Table 
1  below,  where  the  recipe  is:  for  WCO,  volume  ratio  of  WCO  to  methanol  is  5:1,  1.15%  sodium  hydroxide  by 
weight  of  WCO  used  with  a  portion  of  it  as  a  reagent  for  neutralization;  for  NCO,  volume  ratio  of  NCO  to 
methanol  is  6:1,  0.85%  sodium  hydroxide  by  weight  of  NCO  used. 


Table  1.  Fuel-related  Properties  of  Biodiesel  Produced  Typically 


Properties 

Test  Methods 

Unit  Biodiesel  Using  WCO 

Biodiesel  Using  NCO 

Flash  point 

D-93 

°c 

<100 

126 

Water  &  sediment 

D-2709 

Vol.  % 

Nil. 

Nil. 

Kinematic  viscosity 

D-445 

mm^  /  s 

5.799 

4.964 

Sulfur  content 

D-429 

wt.  % 

0.004 

0.003 

Copper  Corrosion 

D-130 

3hrs@100°C 

IB 

lA 

Cloudy  point 

D-2500 

0°C 

0 

1 

Cetane  number 

D-613 

56 

61 

High  heating  value 

Estimation 

kJ/kg 

38500 

41000 

Table  2  shows  the  corresponding  data  of  No.  2  diesel  fuel  and  ASTM  standard  for  pure  (100%)  biodiesel.  Based 
on  Table  1  and  2,  the  following  observations  on  the  biodiesel  fuel  produced  can  be  obtained: 

•  Contains  a  very  low  sulfur  content,  so  emits  little  sulfur  oxides. 

•  Has  higher  flash  point  than  DF2  by  near  70%,  thus  it  is  safer  to  store,  use  and  transport  than  DF2. 

•  Meets  the  requirement  of  ASTM  standard  for  pure  biodiesel,  thus  can  be  directly  applied  to  existed  vehicles 
fueled  with  DF2  with  no  modification  to  the  engine. 

•  Twice  the  kinematic  viscosity  as  that  of  DF2.  This  may  be  a  major  contributing  factor  to  the  onset  and 
severity  of  durability  problem. 

However,  the  flash  point  of  biodiesel  produced  using  WCO  is  non-ideal  at  current  time.  This  may  be  contributed 
to  non-thorough  purification,  not  enough  long  time  of  storage  and  complete  separation  of  biodiesel  from  some 
water-soluble  matters. 


1557 


Table  2.  The  Properties  of  Diesel  Fuel  and  the  Specification  by  ASTM  Standard 
_ for  Pure  (100%)  Biodiesel  _ _ 


Properties _ 

Flash  point 
Water  &  sediment 

Kinematic  viscosity 
Sulfur  content 
Copper  Corrosion 
Cloudy  point 
Cetane  number 


Test  Methods 
D-93 
D-2709 

D-445 

D-429 

D-130 

D-2500 

D-613 


Unit _ 

°c 

Vol.  % 

mm^  /  s 

wt.  % 

3hrs@100°C 

0°C 


Diesel  fuel  (DF2)[5] 
74 

<0.005 


ASTM  Standard 
lOOmin. 
0.050max. 

1. 9-6.0 
O.OSmax. 

No.  3B  max. 
no  standard 
40min. 


Table  3  shows  the  analytical  data  obtained  from  other  experimental  conditions.  Three  runs  were  conducted  wi* 
different  recipes  and  mixing  times.  Run  1  used  WCO  as  feedstock  with  methanol  amount  to  18%  of  WCO  used. 
The  mixing  time  was  more  than  2  hours.  Runs  2  and  3  used  NCO  as  feedstock  with  the  same  methanol  quantity 
in  the  two  runs  (13%)  but  different  mixing  time  (1.5  hours  and  0  hour  respectively). 

Table  3.  The  Analytical  Data  Obtained  Based  on  Other  Experimental  Conditions* _ 


Properties 


Flash  point 
Water  &  sediment 

Kinematic  viscosity 
Sulfur  content 
Copper  Corrosion 


Test  Methods 


D-93 

D-2709 

D-445 

D-429 

D-130 


Unit 


°c 

Vol.  % 

mrn^  I  s 

wt.  % 

3hrs@100°C 


Run#l 


<100 

Nil. 

9.284 

0.002 

lA 


Run#2 

110 

Nil. 

4.471 

0.004 

lA 


Run#3 


116 

Nil. 

12.40 

0.002 

lA 


As  can  be  observed  the  biodiesel  produced  using  NCO  fully  meets  requirements  by  ASTM  standard  for  pure 
biodiesel,  however,  the  quality  of  biodiesel  produced  using  WCO  under  Run  1  and  using  NCO  under  Run  3  is 
not  very  satisfactory.  For  Run  1,  there  was  enough  mixing,  but  chemical  recipe  is  non-ideal,  probably  due  to  the 
non-accurate  estimation  of  FFAs  content.  In  fact,  the  content  of  FFAs  of  WCO  is  difficult  to  determine 
precisely.  By  standard  titration  method  of  Joshua  and  Tickell  [6],  only  an  approximate  range  of  FFAs  in  raw 
WCO  can  be  obtained.  This  makes  quality  control  of  biodiesel  more  difficult.  For  Run  3,  There  was  no  enough 
mixing  before  transesterification.  This  indicates  that  the  good  mixing  between  methanol  and  sodium  hydroxide 
before  transesterification  is  very  important  in  order  to  access  to  high  quality  of  biodiesel.  Further  investigation 
regarding  this  point  will  be  continued. 

Reaction  time  for  transesterification  reaction  has  obvious  effect  on  the  quality  of  biodiesel  produced.  In  general, 
reaction  time  of  1.5  to  2  hours  is  acceptable.  In  theory,  the  influence  of  Reaction  time  is  positive,  however,  its 
influence  may  be  neglected  for  more  than  4  hours. 

Water  removal  and  washing  is  also  important  for  the  improvement  of  biodiesel  quality.  WCO,  m  general, 
contains  a  different  degree  of  water.  If  not  removed  before  transesterification,  the  soap  forms  emulsions  with 
methanol  and  oil,  preventing  the  reaction  from  occurring.  The  soap  formation  reaction  is  listed  below  [7]: 


WCO  +  NaOH- 


>Soap  +  Glycerine 


Also  water  contributes  to  formation  of  FFAs  by  the  following  route  (Steehan  et  al,  1998): 

C3H5(00CR)3  +  3H20-^^^3RC00H  +  C3H5(0H)3  (4) 

(Triglyceride)  (Water)  (Caustic)  (FFAs)  (Glycerol) 

The  quality  of  biodiesel  produced  will  be  affected  in  the  presence  of  the  FFAs.  After  the  transestenfication 
reaction  is  finished,  the  raw  biodiesel  contains  some  salts,  methanol  and  water-soluble  matters,  the  presence  of 
these  compounds  which  degrades  the  biodiesel.  Delicate  water-washing  biodiesel  is  at  least  two-step  process 
with  reasonable  control  volume  of  washing  water  used. 
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The  incoming  feedstock  quality  is  crucial  for  the  quality  of  biodiesel  produced.  From  the  data  in  Table  1  and  2, 
it  is  obvious  that  NCO  has  better  quality  of  biodiesel  produced  than  WCO.  However,  the  quality  of  incoming 
WCO  is  uncontrollable,  its  influence  on  the  quality  of  biodiesel  produced  can  be  reduced  by  delicate 
pretreatment  such  as  filtration,  separation  and  even  by  adding  some  additives. 

It  has  been  found  that  moderate  heating  together  with  vigorous  mixing  applied  to  transesterification  of  WCO 
with  methanol  and  sodium  hydroxide  can  result  in  faster  reaction,  and  better  separation  of  layers  after  reaction, 
and  therefore  upgrades  the  quality  of  resulting  biodiesel  produced.  However,  the  heating  temperature  has  an 
optimum  range  of  50~60  °C  .  If  the  heating  temperature  is  too  high,  the  evaporation  of  methanol  accelerates  and 
thus  does  harmful  to  the  reaction. 


6.  CONCLUSIONS 

Biodiesel  produced  from  waste  cooking  oil  or  neat  com  oil  in  our  laboratory,  in  general,  meets  the  requirement 
of  ASTM  standard  for  pure  biodiesel,  and  thus  can  be  directly  applied  to  diesel  engine  as  a  substituted  fuel. 
Biodiesel  is  more  advantageous  than  conventional  diesel  fuel  in  lots  of  fuel-related  properties.  However, 
biodiesel  still  has  great  potential  in  improving  its  quality  and  production  rate  in  order  to  meet  the  increasing 
demand  for  diesel  engine  and  stringent  environment  protection  requirements. 

The  efficient  conversion  of  free  fatty  acids  of  waste  cooking  oils  is  indispensable  to  produce  biodiesel  of  high 
quality  with  high  yields.  Therefore,  one  of  our  future  work  will  be  focused  on  this  area.  Of  course,  the  test  using 
biodiesel  on  diesel  engine  is  also  our  major  area  of  focus  in  the  future. 
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ABSTRACT.  Experimental  studies  on  the  decomposition  and  desulfurization  of  CaCOs  have  been  performed 
at  a  TGA-FTIR  analyzer  and  a  combustion  test  furnace  under  O2/CO2  conditions  and  conventional  combustion 
environment.  The  effects  of  CO2  concentration  on  limestone  decomposition,  desulfurization  product  properties, 
limestone  desulfurization  efficiency  were  investigated.  The  desulfurization  reaction  mechanism  was  analy^d. 
Decomposition  temperature  of  CaCOs  under  O2/CO2  environment  is  higher  than  that  under  air  environment.  The 
presented  CO2  constrains  the  decomposition  of  CaCOj.  At  a  given  temperature,  CaCOj  decomposition  ratio 
decreased  as  CO2  increase.  Moreover,  the  initial  decomposition  temperature  increased.  The  reactive  surface  area 
of  CaCOs  decomposition  samples  in  high  CO2  environment  was  larger  than  that  in  conventional  conditions. 
Two-stage  reaction  mechanism  of  limestone  desulfurization  during  pulverized  coal  combustion  in  O2/CO2 
atmosphere  was  obtained.  At  low  temperature,  the  reaction  is:  CaC03+S02-*CaS04.  CaCOs  having  lower 
reactivity  than  CaO  reacts  with  SO2  directly  results  in  lower  desulfurization  efficiency  compared  with  air 
atmosphere.  At  high  temperature,  the  reaction  is:  CaC03-*Ca0+C02,  Ca0+S02-'CaS04.  Higher  reactivity 
CaO  under  O2/CO2  than  air  environment  reacts  with  SO2  and  formed  CaS04  reduction  reaction  at  high 
temperature  is  restrained  under  O2/CO2  resulted  in  higher  desulfurization  efficiency. 

1.  INTRODUCTION 

CO2  has  gained  the  interest  of  the  investigators  all  around  the  world,  because  it  has  been  linked  to  global 
climatic  warming.  Coal  combustion,  one  of  the  most  main  sources  of  CO2,  SOx  and  NOx  emission,  has  been 
studied  widely.  Many  clean  coal  technologies  have  been  developed.  O2/CO2  recycling  combustion  is  a  new  coal 
combustion  style  developed  in  recent  years  [1-6].  This  combustion  style  is  expected  to  be  one  of  j^ormsing 
systems  on  C02-recovery  from  pulverized  coal  firing  power  plants.  In  the  system,  pulverized  coal  is  fired  in  a 
C02-based  atmosphere.  The  combustion  style  use  oxygen/recycled  flue  gas,  CO2  is  used  to  institute  the  N2  in 
combustion  air  and  the  amount  of  exhaust  gas  decreases  because  no  nitrogen  mixes  into  the  combustion  gas. 
Therefore  the  boiler  efficiency  is  improved  due  to  the  thermal  loss  reduction  and  the  power  consumption  in  the 
plant  is  also  reduced.  In  addition,  the  CO2  concentration  in  the  flue  gas  is  much  higher  (>95%)  than  that  in 
conventional  combustion  style.  Therefore,  there  is  a  high  CO2  recovery  efficiency.  Meanwhile,  recent  studies 
[2,3]  on  the  industrial-scale  combustion  test  facilities  showed  that  NOx  emissions  from  O2/CO2  combustion 
system  were  reduced  to  about  25%  when  compared  with  conventional  air-blown  combustion.  It  is  also  found 
that  there  is  higher  desulfurization  efficiency  in  this  combustion  system  than  that  in  conventional  limestone 
desulfurization  system.  However,  the  mechanism  of  SO2  removal  in  this  combustion  style  is  far  from  being 
understood.  This  paper  focuses  on  the  effects  of  CO2  on  limestone  desulfurization  in  order  to  find  the 
mechanisms  of  SOx  removal  during  O2/CO2  combustion. 

2.  EXPERIMENTAL 


CaCO^  Decomposition  Experiment  . 

CaC03  decomposition  properties  were  measured  continuously  by  TGA  curves  at  different  conditions.  Ihe 
experiments  were  carried  out  in  a  high-temperature  thermobalance  under  standard  conditions  of  20k/min  heating 
rate  and  2  ml/min  of  gas  flows(02+N2  or  O2+CO2)  and  about  20±0.001mg  of  sample  were  used.  The  heating 
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temperature  ranged  from  room  temperature  to  850°C  or  1000 'C.  The  sample  mass  change  and  rate  of  weight 
loss  were  recorded  continuously  as  a  function  temperature.  The  experimental  conditions  were  displayed  as 
following: 

Ejl:  02(55%)+N2(45%)  850”C (maintain  30min.); 

Ej2;  02(20%)+N2{80%)  1000“C(maintain  30min.); 

Ej4:  02(20%)+C02(80%)  850°C(maintain  20min); 

Ej5:  02(23%)+C02(77%)  1000°C (maintain  20min). 

The  initial  temperature  and  corresponding  temperature  to  maximum  decomposition  rate  of  CaCOs  were 
obtained. 

The  pore  diameters,  pore  areas  and  pore  volumes  of  sample  obtained  under  above  different  conditions  were 
measured  respectively  in  order  to  analysis  the  structure  changes  during  CaCOa  decomposition.  The 
measurement  was  carried  out  with  ASAP2000  accelerated  surface  area  and  porosity  system.  The  system  is 
applicable  to  measuring  accelerated  surface  area,  pore  size,  pore  distribution  and  absorption.  Measuring  range  of 
pore  size  is  50(X)A~17A.  The  isothermal  absorption  method  was  used  in  this  experiment.  Pure  He  was  selected 
as  the  loaded  gas  and  pure  N2  was  selected  as  the  absorption  medium  (analysis  gas).  The  absorption  temperature 
is  77K.  The  BET  equation  and  BJH  models  were  used  to  analysis  the  isotherm  plot. 

Limestone  Desulfurization  Experiment  under  OyCO^  Condition 

SO2  removing  by  CaC03  was  performed  at  a  little  combustion  test  furnace  [6].  The  goal  of  this  experiment  is  to 
detect  the  effect  of  CO2  on  desulfurization  efficiency  and  measure  the  final  product  composition.  Experimental 
furnace  includes  horizontal  tube  furnace,  thermocouple,  and  temperature  controller  and  gas  transportation  unit. 
About  2g  samples  were  placed  at  the  middle  of  furnace.  Samples  were  heated  at  30K/minute  progressively  from 
room  temperature  to  900 °C  under  air  and  O2/CO2  conditions  respectively.  As  temperature  approached  to  900 °C, 
SO2  was  injected  into  furnace  and  the  temperature  were  maintained  invariable  for  SOminitue  to  insure  complete 
reaction.  Then  switch  off  the  temperature  controller,  but  keep  invariable  furnace  atmosphere  and  SO2  flow  till 
samples  were  quenched.  React  products  compositions  and  contents  at  each  conditions  were  determined  by  D/MAX 
IIlB  X-ray  powder  diffraction  analyzer.  The  diffraction  condition  such  as  Cu  target,  Ni  ray  filter,  30  mA  tube 
current  and  30  kV  tube  voltage  were  used. 

Limestone  Desulfurization  under  O^/CO?  Condition  during  Coal  Combustion 

A  coal  named  Heshan  was  selected.  Coal  analysis  data  is  shown  in  Table  1.  Ash  chemical  composition  analysis  is 
shown  in  Table  2. 


Table  1.  Coal  Analysis 


Proximate 

Analysis 

(%) 

Ultimate 

Analysis 

(%) 

Moisture 

Volatile 

Ash 

FC 

C 

H 

0 

N 

S 

3.02 

15.03 

51.41 

30.53 

33.45 

1.97 

4.72 

0.64 

4.79 

Table  2.  Coal  Ash  Analysis 


SiOz 

AI2O3 

Fe203 

CaO 

MgO 

K2O 

Na20 

Ti02 

54.46 

28.30 

4.50 

1.88 

1.21 

2.34 

1.14 

1.80 

Combustion  experiment  was  carried  out  at  the  aforementioned  furnace.  Furnace  was  heated  up  to  experimental 
temperature  and  kept  invariable  value,  then  injected  into  Air  or  O2+CO2,  next,  the  mixture  of  coal  sample  and 
limestone  was  feed  to  the  middle  of  furnace.  Measter  2000  flue  gas  analyzer  was  used  to  measure  the 
concentration  of  SO2  and  NOx.  Different  temperature,  CO2,  Ca/S  were  used.  In  addition,  TGA-FTIR  was  used  to 
detect  SO2  release  process  at  Air  and  CO2  environment  in  order  to  find  the  optimum  temperature  during  limestone 
desulfurization  at  different  atmosphere. 
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3.  RESULTS  AND  DISCUSSION 


Effects  of  CO9  on  Limestone  Decomposition 

Table  3  shows  the  results  from  CaCOj  decomposition  experiment. 


Table  3.  CaCO.^  Decomposition  in  Different  Conditions 


Total  weight  loss 


Conditions  sample 


(TG) 


DTG 

(dw/dt)  max 


DTA 
Tmax  dw/dt 


Ti 


(%) 

(mg/min.) 

(°C) 

(mg/min.) 

(“C) 

Eil 

1 

46.40 

1.880 

841 

0.913 

756 

Ei2 

2 

45.67 

1.930 

862 

0.816 

758 

Ej4 

Ei5 

4 

45.69 

2.070 

867 

1.583 

820 

5 

45.62 

2.130 

870 

1.234 

784 

It  can  be  seen  that  the  total  sample  weight  losses  are  similar  under  different  atmosphere.  However,  the  initial 
temperature  and  corresponding  temperature  to  maximum  decomposition  rate  of  CaCOs  is  increasing  with 
increase  of  CO2  concentration.  Meanwhile,  the  decomposition  temperature  of  CaCOj  is  higher  in  high  CO2 
concentration  than  that  in  O2  atmosphere  or  low  CO2  atmosphere.  It  means  that  the  presented  CO2  constrains  the 
decomposition  of  CaCOs.  The  decomposition  temperature  of  CaCOs  is  higher  under  high  CO2  environment  than 
under  air  condition. 


Figure  1  A)  to  D)  show  the  pore  structures  and  specific  surface  area  of  different  CaCOs  decomposition  products 


A) 

Pore  area  (m/g) 


Sample  ID 
■  area 


C) 

Area  (m/g) 

Q4| - 


Sample  ID 

srrti  hde  ^  rrKH  hde  □  bttp  We 


B) 

Pore  volume  (cc/g) 

04- - 


sanplelD 
B  volume 


D) 

Volume  (cc/g) 


1 

t  2  3  < 

Sample  ID 

B  srawe^  tretanclen  teigeWe 


Fig.  1.  Pore  structure  and  specific  of  CaC03  decomposition  products  under  different  conditions 

under  different  conditions.  Sample  3  is  the  parent  CaCOs-  It  indicates  from  Figurel  A)  and  B)  that  the  pore 
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specific  surface  area  of  parent  CaCOs  is  much  smaller  than  any  other  samples,  this  is  because  CaO  with  loosed 
pore  formed  during  CaC03  decomposition,  therefore,  pore  structures  of  other  samples  are  improved.  However, 
there  is  a  great  difference  between  sample  1  and  sample  2,  this  is  the  result  of  the  sintering  of  CaO  under 
sample2  condition  at  high  temperature,  because  that  the  samplel  was  obtained  at  the  final  temperature  of  850°C 
and  sample2  was  obtained  at  the  final  temperature  of  1000 °C,  CaCOs  decomposition  was  completed  at  about 
820  °C  at  N2+O2  atmosphere.  The  sintering  of  decomposed  CaO  decreased  the  specific  surface  area  and  pore 
volume.  For  sample  4  and  sampleS,  CaO  with  multi-pore  structure  decreased  as  CO2  increasing,  hence,  the 
specific  surface  and  pore  volumes  of  sample  5  and  sample4  are  smaller  than  that  of  samplel.  It  means  that 
presented  CO2  constrain  the  decomposition  of  CaCOs.  Meanwhile,  compared  sample  5  with  sample  2,  the 
sintering  of  CaO  at  1000”C  in  high  CO2  concentration  was  not  occur.  It  suggested  that  CaCOs  decomposition 
delayed  and  the  sintering  of  CaO  was  prevented  at  normal  desulfurization  temperature  under  CO2  atmosphere. 

Desulfurization  Product  Properties  Under  High  CO?  Conditions 

Table  4  shows  the  CaCOs  decomposition  product  composition  measured  by  XRD  method  during  limestone 
desulfurization  at  900 °C.  Reactants  were  CaCOs  and  SO2.  Ca/S=2. 


Table  4.  Main  Products  During  Limestone  Desulfurization  Under  Different  Conditions 


Combustion  atmosphere 

C3SO4 

Main  products 
CaC03 

CaO 

Ca(OH)2 

50%02+50%C02 

10%02+90%C02 

Air 

30-40% 

30-40% 

20-40% 

50-70% 

50-60% 

10% 

40-50% 

<10% 

It  can  be  seen  that  CaCOa  reacted  with  SO2  to  form  CaS04  at  different  conditions.  At  air  environment,  CaO  was 
found  as  the  presented  products.  It  suggested  that  CaCOs  decomposed  at  high  temperature  at  air  environment. 
At  O2/CO2  environment,  CaS04  increased  compared  with  that  at  air  environment,  it  means  that  the  efficiency  of 
SO2  removing  increased.  Meanwhile,  CaO  was  not  found,  it  means  that  presented  CO2  constrain  the 
decomposition  of  CaCOs.  The  reaction  may  be  presented  at  middle  temperature  (around  900°C)  as  following 
style:  CaC03+S02“*CaS04-i-C02.  It  is  consistent  with  TGA  experimental  results. 

Effect  of  CO7  Concentration  on  Limestone  Desulfurization  Efficiency  during  Coal  Combustion 

Figure  2  plots  SO2  release  concentration  change  after  limestone  desulfurization  with  time  under  air  and 
79%C02+21%02  environments  during  coal  combustion.  In  this  experiment,  Ca/S=1.5. 


Fig.2.  SO2  release  process  at  temperature  of  960°C  during  limestone  desulfurization 

Figure  2  implies  that  SO2  decrease  more  markedly  when  Nitrogen  was  substituted  by  CO2,  which  suggests  that 
high  CO2  concentration  increase  limestone  desulfurization  efficiency.  This  can  be  explained  by  direct  reaction  of 
CaC03  with  SO2  partly  under  high  CO2  condition  and  presented  CO2  mitigates  the  sintering  of  CaO  thereby 
improve  the  activity  of  CaO  reacting  with  SO2. 

Effect  of  Temperature  on  Desulfurization  under  High  CO?  Conditions 

Figure  3  plots  the  change  of  SO2  release  concentration  with  time  under  79%C02+21%02  and  air  environment  at 
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different  temperature.  Ca/S=3.  When  temperature  increases  from  900 ‘C  to  960  C,  higher  desulfurization 
efficiency  is  observed  under  high  CO2  environment.  However,  desulfurization  efficiency  has  an  inverse  change 
tendency  under  air  environment,  which  decreases  with  temperature  increase. 

This  is  the  result  that  the  sintering  of  CaO  and  formed  CaS04  reduction  at  high  temperature  are  restrained  under 
high  CO2  condition  compared  with  air  environment  [7],  therefore,  there  is  a  higher  desulfurization  efficiency  at 
relative  high  temperature  under  CO2  condition. 


Time (minute) 


Fig.3.  The  effect  of  temperature  on  desulfurization  efficiency  under  different  environments. 

Figure  3  also  shows  that  at  low  temperature  of  900°C,  desulfurization  efficiency  is  higher  under  air  environment 
than  CO2+O2  environment.  It  indicates  that  the  desulfurization  reactions  under  air  environment  occur  as 
following:  CaCOs  -^CaO+COj,  Ca0+S02-*CaS04.  However,  under  CO2+O2  environment,  the  reactions  may 
occur  as  following:  CaC03+S02-*CaS04  at  low  temperature(<900“C  at  this  experiment  condition).  CaO  has 
larger  specific  surface  area  than  CaCOs  thereby  has  higher  reactivity  consequently  its  desulfurization  efficiency 
is  higher. 

Meanwhile,  under  CO2+O2  environment,  SO2  release  decrease  markedly  which  means  desulfurization  efficiency 
improves  remarkably  when  the  temperature  increase  from  900 °C  to  960 'C  .Moreover,  desulfunzation  efficiency 
is  much  higher  comparing  with  air  environment  at  the  temperature  of  960  “C.  It  indicates  that  the  limestone 
decomposition  reaction  as  the  first  reaction,  then  CaO  reacts  with  SO2  during  desulfurization  at  high 
temperature.  The  high  efficiency  is  resulted  by  high  reactivity  CaO  reaction  with  S02  and  the  CaS04  reduction 
decrease  under  CO2  environment. 


Temperature (C) 


Fig.4.  SO2  Response  change  with  temperature  under  air  and  O2/CO2  atmosphere 
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Limestone  Desulfurization  Process  under  High  CO?  Concentration 

Figure  4  shows  the  SO2  concentration  response  signal  obtained  from  TGA-FTER  experiment  change  with 
temperature  under  air  and  O2/CO2  environment.  Coal  was  heated  continuously.  The  heating  rate  is  20°C/minute. 
As  shown  in  the  figure  4,  at  low  temperature  less  than  880”C ,  SO2  response  is  higher  under  O2/CO2  than  air 
atmosphere  which  means  former  has  lower  desulfurization  efficiency.  However,  when  the  temperature  more 
than  880°C,  the  case  is  inverse.  This  result  is  consistent  with  the  experiment  result  shown  in  Fig.  3.  The 
difference  of  inflexion  temperature  is  caused  by  different  experiment  conditions  such  as  heating  rate,  sample 
weight  etc.  The  change  under  different  temperature  certifies  the  two-stage  reaction  mechanism  of  limestone 
desulfurization  during  pulverized  coal  combustion  in  O2/CO2  atmosphere. 

4.  CONCLUSIONS 

1.  Decomposition  temperature  of  CaC03  in  O2/CO2  environment  is  higher  than  that  in  air  environment. 
Presented  CO2  delayed  the  decomposition  of  CaCOs  and  mitigated  the  sintering  of  CaO  at  high 
temperature. 

2.  The  reactive  surface  area  of  CaCOs  decomposition  samples  in  high  CO2  environment  was  larger  than  that  in 
conventional  conditions. 

3.  The  reactive  products  were  CaCOs,  CaS04,  and  Ca  (OH)  2  in  high  CO2  environment  during  limestone 
desulfurization  at  low  temperature. 

4.  This  investigation  shows  the  two-stage  reaction  mechanism  of  limestone  desulfurization  during  pulverized 
coal  combustion  in  O2/CO2  atmosphere.  At  low  temperature,  the  reaction  is:  CaC03-(-S02-*'CaS04,  At  high 
temperature,  the  reaction  is:  CaC03-*-Ca0+C02,  Ca0+S02“*‘CaS04. 

5.  The  reaction  mechanism  of  limestone  desulfurization  under  air  environment  is:  CaC03-^Ca0+C02, 
Ca0-i-S02“*CaS04.  At  low  temperature,  there  is  higher  desulfurization  efficiency  under  air  environment 
compared  with  O2/CO2  environment.  It  is  caused  by  the  direct  reaction  of  CaC03  having  lower  reactivity 
than  CaO  with  SO2  under  O2/CO2  environment. 

6.  At  relative  high  temperature,  desulfurization  efficiency  is  much  higher  under  O2/CO2  environment 
compared  with  air  environment.  It  is  resulted  by  higher  reactivity  CaO  under  O2/CO2  than  air  environment 
reacts  with  SO2  and  formed  CaS04  reduction  at  high  temperature  is  restrained  under  high  CO2  condition 
compared  with  air  environment. 
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ABSTRACT.  A  novel  pyrolysis  technology  of  biomass  with  indirectly  heating  is  carried  out  to  produce 
medium  energy  gas.  A  pilot-scale  gasificator  has  been  build  in  the  Institute  for  Thermal  Power  Engineering  of 
Zhejiang  University  to  investigate  the  pyrolysis  characteristics  of  straw.  The  prospect  of  technologies  to  convert 
widely  available  straw  into  high  quality  gas  fuel  is  very  attractive.  To  utilize  straw  with  high  efficiency,  medium 
energy  gas  and  semi-coke  are  two  main  products  in  the  pilot-scale  gasificator.  This  gasificator  can  produce 
medium  energy  gas  mainly  through  pyrolysis  process.  A  series  of  related  fundamental  experiments  have  been 
made.  The  behaviors  of  straw  pyrolysis,  specially  the  effects  of  temperature  had  been  research  in  detail.  Through 
above  experimental  research,  lots  of  valuable  data  had  been  collected.  Those  data  are  extremely  useful  to  design 
the  gasification  part  of  biomass  utilization  project.  The  heating  value  of  medium  energy  gas  is  2800-3500 
KcaL/Nm^.  This  gasificator  can  convert  a  wide  range  of  biomass  into  medium-energy  gas.  In  addition,  a 
demonstration  gasification  system  will  be  designed  based  on  above  experiments.  The  feedstock  of  this  system  is 
rice  straw,  which  is  the  most  common  biomass  residue  in  rural  areas  of  China. 

1.  INTRODUCTION 

With  traditional  fossil  fuels  (coal,  oil  and  natural  gas)  becoming  less  and  environment  pollution  caused  by  its 
wide  use,  the  potential  offered  by  biomass  for  solving  some  of  the  world’s  energy  problem  is  widely  recognized. 
In  China,  biomass  fuel  from  agricultural  residue  such  as  rice  husk,  rice  straw,  wood  and  sugar  cane  et  al  are  very 
abundant.  According  to  the  published  figures,  biomass  accounts  for  about  16.8%  of  total  energy  and  70%  of  the 
peasant’s  living  energy  consumed  in  1990.  Direct  using  biomass  for  combustion  in  vast  rural  areas  is  convenient, 
but  this  causes  low  efficiency  and  emission  problem.  Therefore,  it  is  imperative  to  find  a  new  way  to  utilize 
biomass.  Moreover,  most  of  rural  areas  and  small  towns  are  facing  shortage  of  gas  and  electricity  when  their 
economics  are  accelerating.  Biomass  pyrolysis  technology  is  very  optimal  route  to  solve  these  problems.  Easy 
utilization,  low  capital,  flexible  operation,  good  fuel  adaptability  and  nearly  zero  emission  of  biomass  pyrolysis 
technology  is  widely  regarded  as  its  advantage.  Although  some  researcher  proposed  valuable  introduction  to 
biomass  pyrolysis  toward  gas,  but  it  is  far  from  satisfactory  because  some  of  their  opinions  are  contradictorily. 
Therefore,  it  is  urgent  to  carry  out  a  series  of  novel  experimental  studies  for  biomass  pyrolysis.  Regarding  the 
real  situation  of  Chinese  rural  areas,  a  novel  scheme  of  biomass  pyrolysis  to  generate  medium  heating  value  gas 
by  heated  indirectly  is  proposed,  which  is  characterized  by  a  biomass  pyrolysis  reactor  coupling  to  a  combustor 
burning  recycled  semi-coke.  As  a  part  of  this  biomass  pyrolysis  process,  a  pilot-scale  gasificator  had  been  build 
in  Zhejiang  University.  A  series  of  experiments  are  carried  out  in  this  gasificator  with  raw  rice  husk  and  rice 
straw  as  pyrolysis  fuels.  This  paper  reports  experimental  results 
and  its  analytic  conclusions  to  pyrolysis  process. 

2.  EXPERIMENTAL  FUELS  AND  FACILITY 


2.1  Experimental  Fuels 

Three  kinds  of  fuels  (Zhejiang  late  rice  straw,  rice  husk  and  sawdust)  were  used  in  experiments  because  of  their 
abundance  in  fuel  feeding  and  easy  pretreatment.  The  data  are  shown  in  Table  1.  Compared  to  coal,  their  volatile 
content  is  very  high,  but  ash  content  is  moderate.  Table  2  shows  physical  parameters  of  biomass  fuels.  Thermal 
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conductivity  coefficient  is  very  small  with  value  only  about  0.04W/(m  ■  °C),  apparent  density  is  small,  only 
l/6~l/8  of  coal,  and  energy  density  is  also  small.  All  these  show  that  biomass  is  not  available  to  transport,  it 
should  be  utilized  locally  in  medium/small  scale  plant.  In  views  of  this  point,  pyrolysis  is  sure  to  be  a  good  route 

Table  1.  The  Analytic  Data  of  Biomass  Fuels 


Biomass  fuels  ultimate  analysis 

approximate  analysis 

heating  value 

Cad  Had  ^ad  Sad 

Oad 

-^ad  ^  ad  FCad 

(kJ/kg) 

rice  straw 

33.96  5.01  1.07  0.10 

34.67 

9.96  15.23  69.11  5.70 

15175.2 

rice  husk 

39.69  4.92  0.42  0.14 

31.29 

10.3  13.24  60.38  15.99 

14784.7 

Table  2.  Physical  Parameter  of  Three  Kinds  of  Biomass  Fuels 

Items 

Diameter 

Geometry  size 

pack  density 

Heat  transfer 

Energy 

(mm) 

(mm) 

(kg/m^) 

coefficientfW/(m  •  °C)] 

density  (Kj/m^) 

rice  straw 

02.5x10 

59.3 

900 

rice  husk 

0~3 

9x3x0.2 

122.9 

1870 

2.2  Experimental  Facility  and  Procedure 

The  experimental  research  has  been  done  using  a  electrical  heating  moving-bed  reactor  with  inner  length  of 
200mm,  width  of  110mm  and  height  of  1500mm.  The  experimental  system  was  composed  of  four  parts,  i.e. 
indirectly  electrical  heated  furnace,  pyrolysis  reactor,  on-line  sample  collected  analyzer  and  gas  condenser  & 
collector.  Fig.  1  shows  a  scheme  of  biomass  gasification  test  system.  In  addition.  Fig.  2  shows  the  pyrolysis 
reactor  scheme. 

After  the  reactor  is  heated  up  to  a  certain  temperature,  biomass  like  straw  or  rice  husk  are  feed  at  intervals  from 
the  top  of  reactor  while  the  feed  rate  is  controlled  by  the  pressure  of  gas  outlet  and  gas  flow  rate.  The 
temperature  outside  of  reactor  was  maintained  in  the  certain  value  like  700°C.  Raw  gas  from  the  reactor  was 
cooled  below  ambient  temperature  in  the  condenser  with  ice  bath  while  a  greater  part  of  liquid  produce  including 
tar  and  water  was  separated  from  raw  gas.  The  pressure  inside  reactor  was  slightly  below  zero  to  prevent  from 
air  leakage.  The  flow  rate  of  fuel  gas,  which  was  taken  out  of  the  condenser  by  a  vacuum  pump,  was  adjusted  by 
gas  recycle.  On  the  other  hand,  gas,  liquid  and  semi-coke  were  sampled  respectively  from  the  bottom  of  the 
reactor,  the  bottom  of  the  condenser  and  the  outlet  of  gas  storage.  A  more  detailed  description  of  the  facility  and 
experimental  procedure  is  given  in  [1]. 

Biomass 


Fig.  1.  The  schematic  of  biomass  gasification  test  system 
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Feeder 


Char  Outlet 


Fig.  2.  The  scheme  of  biomass  pyrolysis  reactor 

3.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

Although  the  biomass  gasification  process  especially  the  pyrolysis  process  has  been  investigated  widely  [2-5], 
the  experimental  pyrolysis  reactor  has  some  new  advantages.  Tar  content  is  decreased  into  a  very  low  level 
because  a  biomass  storage  segment  and  gas-cooling  segment  are  added  on  the  top  of  reactor.  The  raw  gas  can  be 
cooled  below  100  "C  after  two  segments  while  a  considerable  part  of  tar  can  be  condensed  or  captured  by  cool 
biomass  and  decomposed  thermally  in  the  high  temperature  reactor.  In  addition,  gas  production  rate  will  increase 
with  liquid  production  rate  decreasing.  Thus,  this  process  can  overcome  high  tar  yield  in  the  normal  upper-draft 
gasification  and  high  outlet  gas  temperature  in  the  normal  downdraft  gasification.  In  addition,  high  gas 
production  rate  will  be  expected  as  in  &e  normal  downdraft  gasification.  On  the  other  hand,  the  gas  production 
rate  in  this  process  is  lower  than  that  in  the  air  gasification.  However,  the  gas  produced  from  biomass  is  isolated 
from  air  or  oxygen  so  that  the  high  heating  value  of  gas  will  be  expected  when  the  biomass  pyrolysis  process  is 
used  in  the  reactor.  Finally,  there  are  so  little  good  results  from  straw  gasification  presented  by  other  researchers 
because  of  agglomeration  problem.  In  the  present  biomass  pyrolysis  system,  the  agglomeration  problem  has  been 
overcome  by  lower  reactor  temperature. 

There  are  many  factors  influencing  biomass  pyrolysis  behavior.  The  physical  factor  is  relevant  to  heat  transfer, 
mass  transfer  and  fuel  properties.  Compared  to  physical  factor,  the  chemical  factor  is  more  important,  which 
involves  a  series  of  complicate  prime  and  secondary  thermolysis  reaction.  Gas,  liquid  and  solid  (gas,  tar,  water 
and  semi-coke)  are  produced  accompanying  biomass  pyrolysis,  but  its  proportion  is  changeable  due  to  change  of 
reaction  parameters  including  pyrolysis  temperature,  pressure,  gas/solid  residence  time  and  biomass  particle  size, 
shape  etc.,  however,  temperature  is  a  crucial  parameter  for  biomass  pyrolysis  toward  gas.  Therefore,  here  only 
temperature  is  concerned  in  detail. 

3.1  The  Effect  of  Temperature  on  Gas.  Semi-Coke  and  Liquid  (Tar  and  Water)  Yield 

Gas,  liquid  and  solid  are  produced  during  biomass  pyrolysis  process.  In  our  experimental  conditions,  gas  and 
solid  are  referred  to  pyrolysis  gas  and  semi-coke  drained  from  reactor  respectively.  Liquid  includes  condensed 
water  and  tar  composed  of  a  layer  of  black  viscous  colloid  sticking  to  the  wall  of  tube,  oil  colloid  dissolved  in 
water  and  lightly  black  colloid  separated  by  oil-water  separator.  Fig.  3  shows  the  effect  of  temperature  on 
pyrolysis  product  yield  using  rice  straw  as  feedstock  under  the  temperature  from  650°C  to  850“C.  It  shows  that 
the  gas  yield  is  0.25-0.32  Nm^  /kg,  increasing  with  pyrolysis  temperature.  The  liquid  yield  and  the  semi-coke 
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yield  reduce  while  the  pyrolysis  temperature  increases. 


Fig.3.  Pyrolysis  product  yield  versus  pyrolysis  temperature 

Compared  with  the  results  of  small-scale  experiments  presented  in  [1],  the  trend  is  similar  to  that  in  the  small- 
scale  reactor.  But  the  gas  yield  in  the  recent  reactor  is  smaller  than  that  in  the  small-scale  reactor,  which  is  in  the 
range  of  0.23-0.46  Nm^  /kg  with  temperature  from  600°C  to  900°C,  under  the  same  temperature.  It  can  be 
explained  that  biomass  resident  time  in  the  high  temperature  zone  is  not  so  enough  that  pyrolysis  reaction  is  far 
from  complete  and  a  part  of  volatile  still  stay  in  the  semi-coke.  On  the  other  hand,  the  semi-coke  yield  becomes 
larger  than  that  in  the  small-scale  reactor  because  a  part  of  tar,  which  is  condensed  in  the  cooling  zone,  enters 
into  the  high  temperature  zone  with  cool  biomass  and  then  be  decomposed  thermally  into  coke.  It  raises  the 
semi-coke  yield  as  compared  with  the  serai-coke  yield  in  the  small-scale  reactor,  which  is  from  0.37  to  0.32 
Nm^/kg. 

3.2  The  Effect  of  Pyrolysis  Temperature  on  Heating  Value  of  Gas 

Fig.  4  shows  heating  value  of  sawdust  pyrolysis  gas  versus  temperature.  From  Fig.  4,  we  know  that  heating  value 
of  sawdust  gas  is  increasingly  linear  with  temperature  increasing  from  600°C  to  800°C,  but  its  slope  is  small. 
This  indicates  that  it  must  be  considered  carefully  to  improve  gas  heating  value  by  increasing  temperature  higher 
than  600°C.  The  above  results  are  much  more  different  from  literature  [2],  where  heating  value  of  pyrolysis  gas 
decreases  with  temperature  increase  from  700°C  to  900°C  due  to  decomposition  of  high  heating  value  of  CH4 
and  other  carbonhydrogens.  In  fact,  700°C  is  a  turning  point  of  secondary  thermal  decomposition.  When 
temperature  higher  than  700°C,  raw  pyrolysis  gas  decomposes  and  produces  H2  and  low  quantities  of  CH4,  C2H4 
etc.  When  temperature  higher  than  800“C,  CO  and  H2  increase  continuously  and  offset  the  negative  effect  caused 
by  decomposition  of  some  carbonhydrogen  on  gas  heating  value.  Certainly,  gas  heating  value  will  likely  be 
decreasing  when  temperature  is  higher  than  900°C  due  to  strengthening  decomposition  of  light  carbonhydrogen. 

3.3  The  Effect  of  Temperature  on  Gas  Composition 

Fig.  5  shows  sawdust  gas  composition  versus  temperature.  In  sum,  with  the  temperature  increase,  H2  always 
increases,  CO  decreases,  but  CnHm  (containing  C2  or  more)  and  CH*  change  at  non  mono-trend.  CnH^  and  CH4 
increase  with  temperature  increasing  from  600°C  to  800°C,  then  begin  to  decrease.  This  is  different  from 
literature  [3,5].  In  our  experimental  conditions,  CO  always  increases.  We  do  not  investigate  further  high 
temperature  (>900°C),  however  the  literature  [2]  reported  900°C  is  a  turning  point  of  CO. 

3.4  Pyrolysis  Chareacteristics  of  Different  Feedstock 

The  pyrolysis  results  of  rice  straw  and  rice  husk  are  shown  in  Table  3.  There  are  two  and  three  tests  respectively 
with  rice  husk  and  rice  straw  in  the  same  condition  of  temperature,  pressure  and  feed  rate.  The  pyrolysis 
temperature  is  750°C.  During  the  straw  pyrolysis  test,  N2  content  of  sample  1,  sample  4  and  sample  6  are  much 
higher  than  that  of  the  others.  It  is  suspected  that  air  leaks  into  gas  during  sampling  because  of  higher  O2  content 
in  the  same  sample. 
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Fig.  4.  Gas  heating  value  versus  temperature 


Fig.  5.  Sawdust  gas  composition  versus  pyrolysis  temperature 

The  composition  and  heating  value  of  straw  gas  is  very  different  from  that  of  rice  husk  gas.  The  CO  CH4 
content  in  rice  husk  gas  are  much  higher  than  that  in  straw  gas.  The  heating  value  of  straw  gas  is  from  10920  to 
1 1760  kJ/Nm^  and  is  smaller  than  that  of  rice  husk  gas  which  is  from  16000  to  18000  kJ/Nm  . 

Table  3.  Gas  Composition  and  Heating  Value  after  Pyrolysis  of  Different  Feedstock 


Rice  Husk 

Rice  Straw 

Test  A 

TestB 

Test  C 

Test  D 

Test  E 

Sample 

1 

Sample 

2 

Sample 

3 

Sample 

4 

Sample 

5 

Sample 

6 

Sample 

7 

Sample 

8 

Composition 

H, 

13.6 

17.82 

15.22 

16.46 

15.72 

15.99 

15.34 

13.93 

0, 

1.92 

1.40 

6.49 

1.07 

1.83 

3.31 

1.54 

4.86 

N, 

4.83 

2.79 

23.02 

3.66 

5.90 

14.53 

3.54 

15.95 

CO 

33.50 

34.27 

17.74 

27.24 

26.20 

21.12 

28.95 

22.96 

CH4 

20.67 

21.48 

10.35 

13.24 

12.84 

11.16 

13.79 

13.26 

CO7 

20.78 

15.08 

24.97 

35.14 

34.90 

27.87 

34.12 

25.67 

C,H4 

3.46 

5.64 

0.79 

0.97 

0.65 

0.85 

0.78 

1.29 

C,H6 

1.24 

1.52 

1.42 

1.89 

1.96 

1.29 

1.94 

2.09 

LHV(kJ/Nm^) 

15980 

18320 

8978 

11879 

11260 

9739 

11979 

11277 

3.5  Heat  Balance  of  Pvrolvsis  Process  in  the  Pilot-Scale  Reactor 

It  is  known  that  the  most  of  reactions  in  the  biomass  pyrolysis  process  are  endothermal  reactions.  Although  some 
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researchers  paid  more  attention  to  the  heat  balance  of  pyrolysis  reaction,  the  heat  absorption  during  biomass 
pyrolysis  process  is  far  from  sure.  The  proportion  of  heat  absorption  to  the  heating  value  of  biomass  is  a  very 
important  parameter  in  the  design  of  large-scale  biomass  pyrolyzer/gasifier.  Table  4  shows  the  heat  balance 
during  pyrolysis  reaction  in  the  pilot-scale  reactor  using  rice  straw  as  feedstock.  Test  1  and  test  2  are  under  the 
same  pyrolysis  temperature  which  is  750°C. 


Table  4.  Heat  B^ance  During  Straw  Pyrolysis  Reaction  in  the  Pilot-scale  Reactor 


Biomass 
Feed  Rate 

Output  of  Heat 

Absorption  of  Heat 

heat  absorption 
per  unit  weight 
of  straw 

Heat  supported  by 
electricity 

Heat 

elimination* 

Heat  absorbed 
by  pyrolysis 
process 

Test  1 

3.24  kg/h 

6.32  kW 

5.73  kW 

0.59  kW 

655  kJ/kg  straw 

Test  2 

2.15  kg/h 

6.05  kW 

5.63  kW 

0.42  kW 

703  kJ/kg  straw 

Note:  *  The  heat  elimination  of  the  total  reactor  can  be  attained  by  recording  the  electric  power  on 


the  condition  of  empty  reactor. 

Therefore,  the  average  proportion  of  heat  absorption  to  the  heating  value  of  straw  can  be  calculated  heat 
absorption  per  unit  weight  of  straw  in  Table  4,  which  is  about  4.5  percent  under  the  testing  condition. 

4.  BIOMASS  GASIFICATION  SYSTEM  SCHEME 

A  biomass  gasification  demonstration  project  will  be  based  on  research  and  development  of  biomass  pyrolysis  at 
Zhejiang  University  and  Zhejiang  Provincial  Office  for  Rural  Energy.  Successful  application  of  this  technology 
will  enable  biomass  resources  to  be  used  in  the  production  of  fuel  gas,  heat  and  fertilizer  in  the  Chinese 
countryside.  Take  account  of  the  scale  of  a  typical  village  in  East  China  or  South  China,  the  project  can  produce 
200Nm^  medium  energy  gas  per  day,  which  can  meet  the  need  of  100  households.  The  feedstock  of  this  system  is 
rice  straw,  which  is  the  most  common  biomass  residue  in  rural  areas  of  China. 

Figure  6  is  a  simplified  biomass  gasification  plant  schematic. 


Fuel 


Fuel  gas 


Fig.  6.  A  simplified  biomass  gasification  system  schematic 

The  two  bed  process  takes  advantage  of  the  best  features  of  both  gasification  and  combustion  by  dividing  the 
process  between  two  units;  the  biomass  pyrolyzer/gasifier  (carbonizer),  and  the  residual  coke  combustor.  In  the 
system,  biomass  are  fed  into  a  moving  bed  pyrolyzer/gasifier,  where  biomass  pyrolysis  occur  at  about  750  ~ 
SOO^C,  producing  a  crude  gas  with  medium  calorific  value  and  semi-coke.  Heat  required  for  the  pyrolysis 
reactions  is  supplied  by  the  combustor. 

The  medium  calorific  value  gases  from  the  carbonizer  are  cooled  and  cleaned  of  dust  by  a  condenser  and  a 
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scrubber.  It  will  make  tars  content  lower  than  the  national  standard.  Once  cleaned,  this  stream  can  be  utilized  as 
fuel  gas.  Simultaneously,  the  residual  coke  from  the  carbonizer  is  fed  and  burned  in  the  combustor.  This  process 
product  the  hot  flue  gas,  which  heats  the  carbonizer  by  indirect  heat  transfer.  A  HRSG  (Heat  Recovery  Steam 
Generator)  cools  the  exhaust  gases,  eventually  producing  more  steam  for  district  heating. 

The  gasification  process  provides  suitable  fuel  gas  for  community  residents.  Fine  bottom  ash  and  some  of  semi¬ 
coke  can  be  used  as  a  kind  of  fertilizer.  It  can  overcome  the  shortcoming  in  the  current  process  due  to  the  large 
semi-coke  yield. 


5.  CONCLUSION 

The  advantage  of  the  updraft  gasifier  was  adopted  and  utilized  to  the  moving  bed  Pyrolysis  reactor.  The  tar  in 
the  fuel  gases  can  be  condensed  on  the  virgin  biomass  materials  and  enter  into  the  pyrolysis  zone  with  them, 
where  the  tar  can  be  cracked  into  gases  or  polymerized  into  coke.  So  the  tar  content  in  gases  reduced  and  semi¬ 
coke  product  and  gases  increased. 

Pyrolysis  temperature  has  a  great  influence  on  pyrolysis  product  yield.  It  is  a  good  way  for  biomass  pyrolysis  to 
increases  pyrolysis  temperature  when  gas  production  is  preferred.  This  pilot-scale  gasificator  can  convert  a  wide 
range  of  biomass  into  medium-energy  gas.  The  heating  value  of  medium  energy  gas  using  rice  sfraw  as  feedstock 
is  2800-3500  Kcal/Nm^  A  novel  pyrolysis  technology  of  biomass  with  indirectly  heating  is  carried  out  to 
produce  medium  energy  gas.  A  pilot-scale  gasificator  has  been  built  in  the  Institute  for  Thermal  Power 
Engineering  of  Zhejiang  University  to  investigate  the  pyrolysis  characteristics  of  straw.  The  prospect  of 
technologies  to  convert  widely  available  straw  into  high  quality  gas  fuel  is  very  attractive.  To  utilize  straw  widi 
high  efficiency,  medium  energy  gas  and  semi-coke  are  two  main  products  in  the  pilot-scale  gasificator.  This 
gasificator  can  produce  medium  energy  gas  mainly  through  pyrolysis  process.  Based  on  the  series  of  related 
fundamental  experiments,  a  demonstration  gasification  system  will  be  designed  based  on  above  experiments. 
The  feedstock  of  this  system  is  rice  straw,  which  is  the  most  common  biomass  residue  in  rural  areas  of  China. 


In  comparison  to  coal,  biomass  has  two  decisive  advantages:  it  is  a  renewable  energy  and  it  is  a  clean  energy.  So 
biomass  is  an  important  energy  resource,  both  at  present  and  from  a  future  perspective.  It  is  necessary  to  develop 
an  effective  and  simple  technique  to  convert  biomass  feedstock  into  medium-energy  gas  for  civil  use  in  rural 
areas.  The  project  uses  pyrolysis  approach  to  product  medium-energy  gas.  The  gasification  system  is  designed 
according  to  the  principle  of  easy  and  economical  operation.  It  has  been  proved  to  be  feasible  through  extensive 
experimental  research. 
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ABSTRACT.  In  recent  studies  on  feedback  mechanisms  leading  to  the  formation  and  the  sustainment  of  large 
amplitude  pressure  oscillations  in  industrial  combustors  (e.g.  gasturbine  combustors,  industrial  furnaces,  etc.)  by 
amplification  of  initially  small-amplitude  disturbances  the  interests  are  more  and  more  focused  on  the  periodical 
formation  and  combustion  of  coherent  turbulent  ring  vortex  structures,  being  an  important  characteristic  of 
periodically  modulated  flows  [1,2,3].  On  one  side,  these  structures  are  mainly  responsible  for  the  amplification  of 
small-amplitude  disturbances,  while  forming  and  combusting  in-phase  with  the  pressure  oscillation  in  the 
combustion  chamber,  fulfilling  Rayleigh's  criterion.  On  the  other  side  they  make  possible  to  control  the  amplitudes 
of  combustion-driven  pressure  oscillations  by  aerodynamic  means  (secondary  air  injection),  that  can  avoid  the 
formation  of  reactive  vortex  structures  and  therefore,  interrupt  the  feedback  coupling  between  pressure  oscillation, 
periodic  flow  field  and  periodic  heat  release.  In  the  present  paper  experimental  studies  on  the  fluiddynamical 
conditions  for  the  formation  of  coherent  ring  vortices  are  shown  and  furthermore,  first  test  results  of  a  new  method 
for  the  suppression  of  large-amplitude  pressure  oscillations,  driven  by  periodic  ring  vortex  combustion,  are 
presented,  obtained  from  power  plant  gasturbine  combustors. 

1.  INTRODUCTION 

In  higly-turbulent  technical  combustion  systems  like  gasturbine  combustors,  industrial  furnaces  as  well  as  in 
domestic  applications  (like  gas-  or  oil-fired  water  heaters  etc.)  the  formation  of  large-amplitude  oscillations  of  the 
static  pressure  in  the  combustion  chambers  or  downstream  fluegas  sections  represents  a  considerable  and  serious 
problem  for  the  manufacturers  and  operators.  The  complex  interaction  within  a  closed  feedback  loop  between 
pressure  oscillations,  periodically  modulated  outflow  of  fuelgas/air  mixture  of  the  burner  nozzle  and  the  periodical, 
frequency-depending  overall  reaction  and  heat  release  characteristics  of  the  flame  leads  at  a  proper  timing  of  the 
processes  to  the  formation  of  self-sustaining  pressure  oscillations.  For  the  fully-developed  instability  the  usually 
obtained  high  pressure  amplitudes  can  damage  the  plant  and  cause  flashback  of  the  flame  into  the  burner  nozzle; 
furthermore,  under  unsteady  operation  conditions  the  emission  charactersitics  (CO,  NO*,  soot)  are  often 
considerably  altered  in  comparison  with  the  steady-state  operation  of  the  combustors.  In  order  to  avoid  time 
consuming  and  therefore,  cost-intensive  trial  and  error  means  for  the  suppression  or  prevention  of  combustion- 
driven  oscillations  in  technical  combustors  for  all  the  reasons  mentioned  above,  the  physical  understanding  of  the 
effective  feedback  mechanism  causing  the  amplification  of  initially  small-amplitude  disturbances  is  an  inevitable 
requirement  for  the  solution  of  periodic  flame  instability  problems. 

In  the  present  paper  a  feedback  mechanism  consisting  of  the  generation  and  in-phase  combustion  of  large-scale 
turbulent  ring  vortex  structures,  leading  to  a  periodic,  properly  timed  heat  release  rate  of  the  flame  to  sustain  the 
pressure  oscillations  under  fulfillment  of  Rayleigh’s  phase  criterion,  is  discussed,  which  could  be  identified 
doubdessly  to  be  responsible  for  the  driving  of  pressure  oscillations  in  various  technical  combustors  in  the  thermal 
load  range  between  50  kW  and  400  MW. 
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2.  FLOW  CONDITIONS  FOR  THE  PERIODIC  FORMATION  OF  TURBULENT  VORTEX  RINGS 

In  the  figure  below  the  feedback  loop  for  the  formation  and  the  sustainment  of  flame-Zpressure  oscillations  in  a 

technical  premixed  combustor  is  shown. 

turbulent  flame  speed  I  air  equivalence  ratio 

mean  thermal  load  Q(h  |  characteristic  time  delays  LeUy.  i  j  Rayleigh  criterion 

■  energy  dissipation  geometry 


frequency  of  disturbance  f^j. 


■  amplitude  of 

11  A  A 

disturbance  Pdi,,  u^ 


geometry 


periodic  heat  release  of 
flames 

-  within  quasi-steady  flame 
geometry 

-  combustion  of  large-scale  coherent 
turbulent  ring  vortex  structures 


combustion  Pcc(0 
chamber 


^^Lo7zIc(^) 


stabilization 


m 

mixing 

unit 

burner 


hAp„,„  ^geometry,  type 

1—  ^  pressure  loss 

Fig.  1.  Feedback  loop  for  premixed  combustors 

If  for  a  better  understanding,  the  influence  of  the  static  pressure  oscillations  in  the  combustion  chamber  on  the 
fuelgas/air  mixture  formation  can  be  neglected  in  a  first  approach,  the  remaimng  loop  consists  of  the  coniimnents 
burner  -  flame  -  combustion  chamber.  The  periodic-unsteady  static  pressure  in  the  chamber  modidates  fte 
fiielgas/air  mixture  flow  out  of  the  burner  nozzle  periodically;  for  fully-developed  osciUations  ^plitudes  of  the 
mixture  massflow  fluctuation  at  the  nozzle  exit  can  reach  values  up  to  50  %  of  *e  mean  massflow  rate.  After  a 
characteristic  time  delay  for  the  transport  of  the  mixture  elements  firom  the  nozzle  exit  to  *e  mam  reaction  zone  of 
the  turbulent  premixed  flame,  for  the  heating-up  of  the  mixture  to  ignition  temperature  and  for  Ae  reaction  kinetics 
the  flame  responds  to  the  periodic  flow  disturbances  with  periodical  changes  of  the  overdl  h^t  release  rate 
connected  with  the  formation  of  a  periodical,  unsteady  production  rate  of  exhaust  gases,  which  both  cause  a  nse  of 
the  static  pressure  in  the  combustion  chamber  again. 

In  experimental  studies  the  frequency-depending  reaction  characteristics  of  forced-pulsated  turbulent  preimxed 
axial  jetflames  and  swirl  flames  were  investigated  [2].  Therefore,  the  mixture  massflow  rate  of  the  unbumt 
fuelgas/air  mixture  was  modulated  sinusoidally  in  time  with  adjustable  frequency  and  ^plitude  of  pulsation  using 
a  pulsating  unit  [2]  and  the  flame's  response  was  measured  simultaneously.  It  could  be  shown,  that  the  pet^ic 
overall  heat  release  can  be  realized  by  the  flame  in  two  different  ways:  By  a  periodic  change  of  the  reaction  surface 
within  quasi-steady  flame  geometry  (flame  is  changing  periodically  its  length)  or  by  the  penodic  combustion  o 
large-scale  turbulent  vortex  rings,  formed  by  the  rolling-up  of  the  free  shear  layer  of  the  nozzle  outflow. 

To  understand  better  the  fluiddynamic  conditions  for  the  formation  of  these  structures,  in  further  isothemal  studies 
the  massflow  rate  out  of  different  nozzles  (generating  turbulent  axial  and  swirled  jets)  was  pulsated  m  ^well- 
defined  way  as  described  above  under  variation  of  the  following  parameters:  mean  massflow  rate  m  nozzle, 
frequency  of  pulsation  fpn^  and  arnplimde  of  massflow  pulsation  m  nozzle-  The  vortex  formation 
motion  in  the  traced  flow  was  recorded  using  a  laser-light  sheet  technique  and  a  phase-locked  CCD-camera, 
triggered  with  the  rotation  of  the  pulsating  unit.  By  this  way  the  formation  process  of  the  ring  vortices  a  pvra 
set  of  parameters  could  be  studied  in  detail,  because  the  structures  could  be  "frozen"  at  different  times  L  wthin  the 
pulsating  period  tp.  The  following  figures  show  the  development  of  a  turbulent  ring  vortex  from  a  pulsated,  swirled 

jet  for  different  times  (tv/tp=  0.2, 0.6, 1.0). 
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With  the  parameters,  varied  during  the  experiments,  two  dimensionless  numbers  can  be  formed  to  describe  the 
fluiddynamical  conditions  for  the  ring  vortex  formation:  The  Strouhalnumber  Str 


Uax,vol 


and  the  pulsation  level  Pu  as  the  relative  amplitude  of  pulsation 


Pu 


nirms .nozzle  gquJy  ^^ps.ax 


Ulnozzle 


Uax,vol 


(2) 


In  the  following  figure  the  results  of  the  isothermal  studies  are  given  using  the  characteristic  numbers  Pu  and  Str 
defined  above  for  a  turbulent  axial  jet  (two  mean  massflow  rates  or  mean  axial  velocities  u  ax,voi)  and  two  swirled 
jets  with  different  swirl  intensities,  characterized  by  the  theoretical  swirl  number  So,*  (So.th=  0-21  and  0.79). 


Fig.  3.  Fluiddynamical  conditions  for  ring  vortex  formation  at  different  nozzle  geometries 

For  a  given  Strouhalnumber  Str  and  sufficiently  low  pulsation  levels  Pu  for  botii  flow  types  (axial  jet  and  swirl 
flow)  no  ring  vortex  formation  in  the  nozzle  near  region  could  be  detected.  With  increasing  pulsation  level  Pu  rmg 
vortex  formation  first  appeared  for  the  pulsated  turbulent  axial  jets,  while  the  two  swirled  flows  still  remained 
within  their  steady-state  flow  geometry  without  ring  vortices.  For  a  further  increase  of  Pu  nng  vortex  stmctures 
also  appeared  for  the  two  swirl  flows  with  different  swirl  intensities  (see  fig.  3).  Generally  for  both  flow  types  at 
higher  Strouhalnumbers  Str  the  onset  of  ring  vortex  formation  is  shifted  to  lower  values  of  Pu.  With  these  resulte 
the  ring  vortex  formation  could  be  successfully  predicted  for  geometrical  similar  nozzles  under  vanation  of  the 
above  mentioned  operation  conditions. 

3.  SUPPRESSION  OF  RING  VORTEX  FORMATION  UNDER  COMBUSTION 
CONDITIONS  BY  AERODYNAMIC  MEANS 

In  the  following  part  of  the  paper  the  results  of  a  new  method,  meanwhile  patented  [4],  for  the  suppression  of 
flame-/pressure  oscillations  driven  by  the  ring  vortex  mechanism  explained  above  are  shown.  In  techmcal 
premixed  combustors  the  transition  from  stable  combustion  to  complete  unstable  combustion  with  nng  vortex 
formation  can  be  achieved  -  at  a  given  mean  thermal  load  level  -  by  reducing  the  air  equivalence  ratio  from 
high,  fuel-lean  values  in  the  direction  of  stoichiometric  mixture.  At  a  particular,  very  good  reproducible  air 
equivalence  ratio  V^xoit  the  sudden  onset  of  flame-/pressure  oscillations  starts  under  the  formation  of  large-scale 
ring  vortex  structures,  combusting  in-phase  with  the  pressure  oscillations  and  sustaimng  them  at  a  large-amplitude 

level. 
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Fig.  4.  Scheme  for  the  onset  of  flame-Zpressure  oscillations  in  premixed  combustors 


When  the  combustion  process  starts  to  become  unstable,  initially  small-scale  ring  vortices  were  formed,  which 
react  in-phase  with  the  pressure  oscillation.  When  the  energy  input  per  cycle  added  in  this  way  is  higher  than  the 
energy  dissipation  of  the  pressure  oscillation  with  the  amplitude  level  existing  at  this  moment,  the  oscillation  is 
amplified  with  the  result  of  an  increasing  amplitude.  Referring  to  fig.  1  the  increase  of  the  static  pressure  amplitude 
in  the  chamber  p  cc(fpuis)  leads  to  an  also  increased  amplitude  of  mixture  massflow  fluctuation  at  the  burner  nozzle 

ro  nozzie(fpuk)  and  -  as  a  consequence  of  it  -  in  the  formation  of  larger  ring  vortex  structures,  containing  more 
umgnited  fuelgas/air  mixture  to  produce  higher  amplitudes  of  the  heat  release  oscillations  when  combusting.  After 
some  cycles,  where  amplification  takes  place,  the  pressure  oscillation  is  fully  developed,  characterized  by  constant 
pressure  amplitudes. 


Derived  from  this  physical  understanding  of  the  amplification  of  initially  small-scale  disturbances  it  became  clear, 
that  a  successful  way  to  suppress  or  prevent  large-amplitude  pressure  oscillations  has  to  avoid  the  formation  of 
combustible  ring  vortices.  Therefore,  the  following  method  was  developed  and  -  after  successful  tests  at  different 
industrial  premixed  combustors  -  patented.  The  next  figure  shows  in  a  scheme  how  this  can  be  achieved  on 


principle. 


Fig.  5.  Aerodynamic  suppression  of  turbulent  ring  vortex  structures  by  secondary  air  injection 


1577 


The  fuelgas/air  mixture  flow  out  of  the  burner  nozzle  is  closely  surrounded  by  a  secondary  an-  or  inert  gas  flow, 
coming  out  from  a  continuous  slot  or  from  a  sufficient  number  of  drillings  located  concentncally  to  bimCT 
nozzle  and  enclosing  the  nozzle  flow  respectively  the  flame.  Due  to  the  higher  axid  momentum  of  Ae  second^ 
airflow  the  outer  regions  of  the  flame  or  the  mixture  massflow  are  accelerated  by  radial  turbulrat  exchange  and  the 
formation  of  small-scale  ring  vortices  is  avoided.  Simultaneously,  the  surrounding  cold  airflow  suppresses  the 
entrainment  of  hot  fluegases  during  the  rolling-up  of  the  edges  of  the  flame  or  Ae  mixtoe  inassflow  into  the  nng 
vortices  and  therefore,  the  mixture  inside  the  ring  vortices,  consisting  of  the  imtial  fuelgas/air  mixtui^e  and 
secondary  air  instead  of  hot  fluegases,  is  shifted  outside  the  ignition  limits,  so  that  these  stractures  are  no  longer 
reactive.  In  the  following  figure  the  suppression  of  vortex-driven  pressure  oscillation  in  a  turbulent  premixed  swirl 

flame  is  demonstrated. 
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Fig.  6a-c.  Effect  of  secondary  air  injection  on  the  formation  of  reactive  ring  vortices 
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For  a  given  air  equivalence  ratio  >T,reinix.crit  of  1.48  the  flame  is  close  to  the  stability  limit  (onset  of  flame-/pressure 
oscillations),  but  still  stable  and  with  steady-state  flame  geometry  without  ring  vortices  (fig.  6a).  Referring  to  fig. 
6b  a  further  decrease  of  the  excess  air  (^reinix=l-44)  leads  to  fully-developed  pressure  oscillations  with  15  times 
higher  amplitudes  in  the  combustion  chamber  as  before,  driven  by  the  ring  vortex  mechanism.  The  injection  of 
secondary  air  with  proper  axial  momentum  and  massflow  rate  (fig.  6c)  results  in  a  stable,  steady-state  combustion 
process  for  the  same  air  equivalence  ratio  Xpremix=l-44,  where  before  strong  oscillations  were  obtained.  The 
pressure  frequency  spectra  in  fig.  6a  and  6c  at  stable,  non-oscillating  combustion  are  nearly  identical,  expressing 
the  fact  that  with  secondary  air  injection  the  amplification  of  initially  small-scale  disturbances  by  the  ring  vortex 
mechanism  can  be  suppressed,  but  the  initial  level  of  disturbance,  from  which  periodic  ring  vortex  formation  starts, 
remains  unchanged. 

After  successful  testing  with  premixed  burners  in  the  thermal  load  range  between  30  kW  and  200  kW  the  method 
of  secondary  air  injection  was  implemented  into  a  full-scale  gasturbine  burner  for  premixed  combustion  of  natural 
gas  with  a  maximum  thermal  load  of  1  MW  under  atmospheric  operation  conditions  and  20  MW  in  a  fiilly-loaded 
test  rig.  Testing  started  in  an  atmospheric,  non-loaded  single-burner  test  rig  at  Karlsruhe  University.  With 
secondary  air  injection,  using  a  very  low  air  massflow  rate,  a  considerable  extension  of  stable  burner  operation  was 
obtained  for  all  thermal  load  levels  tested.  In  figure  7  the  increase  of  flame  stability  is  quantified  by  Ae  reduction 
of  the  air  equivalence  ratio  AAT,remix,crit,  that  is  now  possible  without  the  onset  of  vortex-driven  pressure  oscillations 
in  comparison  with  the  stability  limits  of  an  original,  unmodified  gasturbine  burner  for  equal  operation  conditions. 


Fig.  7.  Shifting  of  flame  stability  limits  due  to  secondary  air  injection  at  different  thermal  loads 


In  figure  8  burner  tests  under  gasturbine  conditions  (preheated  combustion  air,  fully-loaded  test  rig)  with  and 
without  secondary  air  injection  are  compared.  For  sufficiently  high  air  equivalence  ratios  Xprem,;  >  ^mix,crit  at  a 
given  thermal  load  the  original,  unmodified  burner  is  stable,  although  showing  slightly  higher  rms-values  of  the 
chamber  pressure  than  the  burner  with  implemented  secondary  air  injection.  A  decrease  of  the  air  equivalence  ratio 
^.premix  ^remix,crit  leads  to  a  sudden  onset  of  large-amplitude  pressure  oscillations.  In  comparison  to  this  result  the 
modified  gasturbine  burner  with  secondary  air  injection  allows  a  stable  combustion  process  within  the  entire 
operation  range  with  constant  rms-values  of  the  chamber  pressure. 
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4.  CONCLUSIONS 

In  the  present  paper  the  formation  and  in-phase  combustion  of  large-scale  turbulent  vortex  rings,  which  have  to  be 
understood  as  an  important  amplification  mechanism  for  initially  small-scale  disturbances,  have  been  described 
and  quantified  in  terms  of  the  fluiddynamic  conditions  of  the  underlying  mixture  massflow  modulation.  In 
particular,  the  formation  has  been  studied  in  dependence  ^n  the  fi-equency  of  pulsation  fpuis,  on  the  amplitude 
m  ^  of  the  excitation  and  on  the  mean  massflow  rate  m  nozzle  ^od  the  individual  nozzle  geometry,  normalized 
in  form  of  two  dimensionless  characteristics  Str  and  Pu.  With  these  results  the  prediction  of  ring  vortex  formation 
for  different  flow  types  (turbulent  axial  jet,  swirl  flows  with  various  swirl  intensities)  and  nozzle  geometries  is  now 
possible.  Furthermore,  a  new  patented  method  for  the  aerodynamical  suppression  of  combustible  ring  vortex 
structures  by  the  injection  of  secondary  air  with  properly  adjusted  axial  momentum  and  massflow  rate  is 
successfully  demonstrated  for  different  industrial  premixed  combustors  in  the  thermal  load  range  between  30  kW 
and  400  MW. 
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ABSTRACT.  Combustion  and  emission  characteristics  of  burning  of  No.  6  residual  oil  with  the  additive  of 
lOOppm  of  organic  barium  are  investigated  in  a  can  combustor  test  rig.  The  effects  of  the  additive  on  the  flame 
structure  and  formation  of  pollutant  are  examined  at  a  fixed  fuel  air  ratio  of  0.02.  With  Beckman/Rosemount  gas 
analyzer  and  Roseco  engine  smoke  emission  sampler,  the  exhaust  pollutant  and  particulate  were  measured. 
Temperature  distribution  inside  the  combustor  was  employed  to  assess  the  flame  structure.  Emission  of  CO  and 
particulate  of  the  oil  with  additive  combustion  are  found  about  25%  and  40%  less  than  those  of  pure  oil 
combustion.  The  emission  of  NOx  is,  however,  observed  not  much  difference  between  two  test  cases.  A  longer 
and  wider  flame  zone  is  found  in  the  case  of  burning  oil  with  the  additive  of  organic  barium. 

1.  INTRODUCTION 

Burning  heavy  oil  with  fuel  additives  is  an  effective  technique  of  reducing  soot  formation  in  a  combustion 
system.  Soot  is  the  particulate  matter  resulting  from  incomplete  combustion  of  hydrocarbon  fuels.  When  present 
in  sufficient  particle  size  and  quantity,  soot  in  exhaust  gases  constitutes  a  black  smoke.  Soot  formation  is 
undesirable  when  it  leads  to  enviroiunental  pollution  or  damages  the  performance  of  combustion  equipment. 
The  polynuclear  aromatic  hydrocarbons  (PAH)  absorbed  on  soot  are  known  to  be  carcinogeiuc  [1],  The 
prevention  of  soot  emission  is,  therefore,  an  important  constraint  in  the  design  and  operation  of  combustion 
systems.  Usually,  turbine  combustor  performance  is  limited  by  the  temperatures,  which  the  constraction  material 
can  withstand.  Increased  emissivity  and  higher  radiative  heat  transfer  caused  by  soot  formation  in  the  combustor 
can  cause  overheating  and  damage  [2]. 

Soot  formation  can  be  broken  down  into  three  stages:  soot  particle  nucleation,  formation  of  spherical  by 
agglomeration  and  surface  growth  and  coagulation  of  spherical  soot  particles  to  form  the  characteristic  chain¬ 
like  stiucture  [3].  While  the  above  three  stages  are  occurring,  soot  particles  also  undergo  dehydrogenation. 

Two  of  the  most  interesting  hypotheses  that  are  especially  pertinent  to  the  explanation  of  the  efiects  of  metal- 
containing  fuel  additives  are  based  on  radical  and  ionic  polymerization.  The  hypotheses  that  positive  ion  serves 
as  nuclei  for  carbon  formation  in  flames  and  has  been  shown  to  predict  the  well-known  chained  structure  of 
carbon  particles  and  the  uniform  size  of  the  spherical  chain  units.  The  alkyl  derivatives  of  PAH  are  believed  to 
be  the  &st  precursors,  which  may  then  grow  by  ionic  or  radical  polymerization  path  way  to  high  (>500  amu) 
molecular  weight  species  to  higher  H/C  ratio  than  to  the  final  soot.  This  material  then  agglomerates  and 
dehydrogenates  to  form  solid  carbonaceous  particulate.  The  well  known  PAH  which  can  be  extracted  firom  soot 
particles  are  believed  to  be  the  highly  condensed  and  umeactive  byproducts  of  the  soot  formation  scheme. 

The  first  use  of  flame  additives  to  reduce  soot  formation  was  reported  by  Bartholome  and  Sachsse  in  1949  [4], 
Based  on  the  tests  performed  in  fuel-rich  hydrocarbon  flame,  soot  reductions  as  high  as  75%  were  reported  with 
the  transition  metal  nickel.  Additionally,  the  soot  collected  was  observed  to  be  ‘more  finely  gained’  when  the 
additive  was  employed. 

An  extensive  review  of  combustion  additives  for  pollution  control  has  been  compiled  by  Krause  et  al  [5].  The 
general  conclusions  are  that  fuel  additives  can  be  very  effective  for  flyash  and  carbon  particulate  removal,  less 
effective  for  polycyclic  organic  matter  (POM),  only  very  weakly  effective  against  NOx,  and  virtually  no  effect 
on  total  sulfur  emissions,  although  SO3  can  be  reduced.  The  effectiveness  in  reducing  soot  formation  of  the 
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barium  fuel  additives  is  believed  to  cause  by  following  two  mechanisms  [3]: 

(1)  An  ionic  mechanism  that  occurs  with  barium  fuel  additives  which  ionizes  extensively  in  the  flame.  The 
resulting  barium  ions  act  on  natural  flame  ions  (both  molecular  and  particulate)  to  decrease  the  nucleation  or 
coagulation  rate.  The  result  is  a  decrease  of  the  amount  of  soot  formed,  or  a  shift  of  particle  size  distribution  to 
sm^er  sizes  that  bum  out  more  quickly. 

(2)  Barium-fuel  additive  undergoes  a  homogeneous  reaction  with  flame  gases  to  produce  hydroxyl  radicals 
which  rapidly  removed  soot  or  gaseous  hydrocarbons  soot  precursors.  This  action  appears  to  occur  throughout 
the  flame,  with  significant  decreases  in  flame  radiation  in  the  early  flame  zones. 

Many  authors  have  questioned  the  use  of  metallic  fuel  additives  to  reduce  smoke  emission  on  the  grounds  than 
metal  oxides  formed  by  the  combustion  of  the  additives  may  be  more  toxic  than  the  soot  itself  [6,7].  Barium 
compounds  are  usually  only  toxic  if  water-soluble.  The  most  common  barium  compound,  barium  sulfate,  is 
insoluble  and  generally  nontoxic.  Typically,  less  than  25%  of  barium  emitted  by  diesel  engmes  is  in  the  form  of 
soluble  barium  compounds,  usually  barium  carbonated  [8].  The  majority  of  the  soluble  barium  compounds  exist 
as  solids. 

The  aim  of  the  present  work  is  to  investigate  the  effect  of  organic  barium  fuel  additive  on  a  gas  turbine 
combustion  system.  With  same  additive  dosage  of  100  PPM  employed  in  a  thermal  power  station.  The  N06 
heavy-oil  with  additive  was  burnt  in  a  pilot  laboratory  plant.  The  effect  of  fuel  additive  was  analyzed  by 
characterization  of  flame  and  the  gaseous  and  solid  emissions. 

2.  EXPERIMENTAL  SET-UP 


Combustion  Eauinment 

This  comparative  study  was  intended  primarily  to  delineate  the  effects  of  organic  barium  fuel  adcfltive  on  then- 
pollutant  emission  characteristics  of  gas  turbine  combustion.  Ifencs^  the  combustion  chamber  consisted  of  a  can 
combustor  of  2G-GTC85-3  and  a  downstream  pipe  with  temperature  and  emission  measurement  taps  on  it.  The 
combustion  air  was  directed  to  pass  through  a  pebble  bed  heater  and  heated  to  the  test  temperature  in  the  range 
of  70°C~130°C.  An  orifice  plate  measured  airflow  rate. 

The  oil  feeding  system  was  designed  for  heavy  oil  injection  by  an  air-assist  atomizer.  Oil  and  atontization  air 
were  heated  before  entering  the  oil  gun  by  electric  heaters  .The  oil  gun  was  then  placed  along  the  axis  of  the  air 
duct  with  the  frontal  plane  of  the  atomizer  ahgned  with  the  edge  of  the  can  combustor  dome.  The  heated 
combustion  air  would  assist  to  maintain  the  fuel  temperature  along  the  length  of  the  gun  immersed  in  the 
airflow.  The  actual  injection  temperature  was  measured  by  a  small-diameter  thermocoi^le  placed  on  the  inner 
tube  of  oil  gun  with  its  sensing  tip  near  to  fuel  nozzle.  The  fuel  supply  condition  was  maintained  at  7  bars  and  in 
the  range  of  110°C~140°C. 

The  residual  oil  used  in  the  present  study  had  the  specification  of  ASTM  N0.6  oil.  The  oil-soluble  organic 
barium  fuel  additive  was  added  at  dosage  of  100  PPM.  With  a  mixer  installed  in  the  oil  tank,  the  fuel  was  mixed 
continuously  during  test  time. 

Experimental  Procedure 

The  experimental  work  was  designed  to  investigate  the  effect  of  the  additive  on  heavy  oil  combustion 
characteristics  at  same  inlet  conditions.  Overall  air  /fuel  mass  ratio  was  maintained  at  50  for  both  pure  oil  and 
with  additive  oil  combustion.  Combustor  inlet  air  temperature  was  kept  at  the  preset  values  of  65  C  and  800C. 

Temperature  distribution  in  the  combustion  chamber  was  measured  by  k-type  thermocouples  at  two  axial 
positions  of  x=750mm  and  x=1300mm  (x  was  measured  firom  fuel  atomizer)  and  at  two  radial  positions  of  i-O 
and  r=R/2=64mm.  Gas  composition  measurements  in  the  combustion  tests  were  conducted  with  six  on-line 
analyzers:  O2  (paramagnetic,  Beckman/Rosemount  Model  1775),  CO2/CO  (N.D.i.r.,  Model  1864),  NO/NOx 
(chemiluminescence.  Model  1951),  unbumed  hydrocarbons,  UHC,  (f.  i.  d.  Model  1400A)  and  SO2  (Quintox  gas 
analyzer ).  Before  reaching  the  analyzers,  the  gas  sample  was  conditioned  through  cooling,  drying  and  filtering, 
so  that  it  was  perfectly  clean  and  d^.  The  species  concentrations  were  expressed  as  molar  fractions  on  the  dry 
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basis.  The  gas  sample  was  extracted  by  a  non-cooled  stainless  suction  tube  at  positions  of  x=750mm  and 
x=  1300mm  at  i=0mm.  Particulate  concentrations  in  the  flue  gases  were  determined  with  a  smoke  emission 
sampler  (Roseco  Model  473B,  as  shown  in  Fig.  3).  Iso-kinetic  sampling  conditions  were  maintained.  The  filter 
on  which  the  particulate  was  collected  and  weighed  before  and  after  the  measurements,  giving  the  particle  load 
in  the  gases.  The  filter  was  previously  heated  and  dried  so  that  errors  due  to  the  presence  of  water  were  avoided. 
The  particulate  sample  was  examined  by  optical  microscopy  to  study  their  size  and  morphology.  Fig.  4  shows 
the  sampling  probe. 


3.  RESULTS  AND  DISCUSSIONS 


Flame  Characteristics 

With  same  fuel-air  ratio  condition  as  shown  in  Fig.  1,  temperature  history  of  burning  with  fuel  additive  at  station 
x=750mm,TCl,  shows  similar  to  that  of  pure  oil  combustion  as  shown  in  Fig.  2.  The  temperature  difference 
along  axial  direction,  TC1-TC3  (x=  1300mm),  however,  shows  lower  values  for  pure  oil  combustion  cases  as 
shown  in  Fig.  3.  Longer  flame  lengths  are  thus  observed  in  the  cases  of  burning  with  fuel  additive.  The  value  of 
radial  temperature  difference,  TCI  (r=0)-TC2  (r=R/2),  was  employed  to  estimate  the  flame  width.  A  wider 
flame  structure  can  be  found  in  the  case  of  burning  with  fuel  additive  as  shown  in  Fig.  4. 


F\)el  AtrUitio 


Fig.  1.  Fuel  air  ratio 


Fig.  2.  Can-combustor  temperature  histories 


TC1-TC3  (TciDp.Diff.  in  arid  direction)  7C1-TC2  CTcmp.  dtfT  in  radial  direction) 


Fig.  3.  Temperature  variations  in  the  axial  direction  Fig.  4.  Temperature  variations  in  the  axial  direction 


Pollutant  Emissions 

The  levels  of  NOx  corrected  to  15%  O2,  NOxc,  are  shown  as  in  Fig.  5,  in  which  slight  lower  values  for  cases  of 
fuel  additive  combustion  were  observed.  This  is  probably  caused  by  the  existence  of  wider  flame  structure.  A 
better  combustion  efficiency  could  be  achieved  for  fuel  additive  combustion  case  in  which  lower  emission 
values  of  CO  and  same  emission  level  of  unbumed  hydrocarbons,  UHC,  were  obtained  as  shown  in  Fig.  6  and 
Fig.  7,  respectively.  Emission  of  CO  is  foimd  about  25%  lower  than  the  pure  oil  combustion  The  pollutant  of 
SO2,  however,  shows  not  much  difference  between  the  cases  of  pure  oil  and  fuel  additive  combustion  as  shown 
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Fig.  7.  CO  emissions  Fig.  8.  SO2  emission 

The  significant  effect  of  the  fuel  additive  on  the  soot  formation  can  be  found  in  Fig.  9.  Particle  load  in  the  gases 
was  obtained  by  weighting  the  filter  pre-  and  posts  test.  About  40%  reduction  on  the  soot  formation  was 
obtained  for  the  case  of  fuel  additive  combustioiL  Furthermore,  by  employing  optical  microscopy  technique, 
smaller  particle  size  distributions  was  also  observed. 


Pure  oil  Organic  barium  additive  (100  ppm) 

Particulate:  31.05  ™g/m^  Particulate:  19.7  ™g/m^ 

Fig.  9.  Particulate  samples  (Ti„iet=65°C) 

4.  CONCLUSIONS 

Combustion  and  emission  characteristics  of  burning  of  No.  6  residual  oil  with  additive  of  organic  barium  are 
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investigated  in  a  can  combustor  test  rig.  With  same  additive  dosage  employed  in  a  thermal  power  station,  the 
effect  of  fuel  additive  was  analyzed  by  characterization  of  flame  and  the  gaseous  and  solid  emissions. 

\Wth  Beckman/Rosemount  gas  analyzer  and  Roseco  engine  smoke  emission  sampler,  the  exhaust  pollutant  and 
particulate  are  measured.  Temperature  distribution  inside  the  combustor  is  employed  to  assess  the  flame 
stracture.  A  longer  and  wider  flame  structure  was  observed  for  the  case  of  oil  with  fuel  additive  combustion. 
The  wider  flame  structure,  and  thus  more  uniform  temperature  distribution  in  the  flame  zone,  causes  emission  of 
NOx  to  decrease.  About  7%  decrease  was  found  in  the  present  study.  Emission  of  CO  and  particulate  of  heavy 
oil  with  organic  barium  additive  combustion  are  found  about  25%  and  40%  less  than  those  of  pure  oil 
combustion.  The  decrease  of  the  amount  of  soot  formed  as  well  as  the  particle  size  distribution  is  believed  to 
cause  by  the  ionic  mechanism  of  barium  additive  The  reduction  of  CO  emission  indicates  the  organic  barium  is 
also  a  combustion  improver.  The  pollutant  of  SO2,  however,  shows  not  much  difference  between  the  cases  of 
pure  oil  and  with  fuel  additive  combustion 
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ABSTRACT.  In  traditional  pulverized  coal  tangential  firing  boiler  design,  the  uniform  air  distributing  burner  is 
always  adopted  to  bum  bituminite  with  fine  ignitability,  so  that  good  furnace  flame  coefficient  of  fullness  and 
high  coal  powder  bum-off  rate  can  be  obtained.  But  such  assemblage  also  brings  too  concentrated  heat  release 
rate  in  burners'  zone  which  leads  to  slagging  while  burning  clinkering  coal,  the  local  high  temperature  zone  and 
uniform  air  distribution  also  lead  to  high  NOx  emission.  In  today's  China,  there  are  lots  of  tangential  burrang 
boilers  without  overfire  air  to  decrease  NOx  emission,  to  add  OFA  on  the  top  of  burner  group  is  a  difficult  and 
expensive  work  which  may  also  brings  other  problems.  In  this  paper,  an  idea  that  the  upper  primary  air  is  moved 
to  lower  location  to  provide  room  for  OFA  is  developed,  using  the  concentrated  primary  air  arrangement  plan 
combined  with  the  horizontal  fuel  rich-lean  combustion  technology,  the  altitude  and  horizontal  directions  two- 
region  combustion  is  formed  to  make  boiler  slagging-prevent  and  low  NOx  release.  The  test  and  numerical 
simulation  are  used  to  prove  the  scheme's  feasibility,  through  analyzing  the  heat  release  rate  in  the  burners'  zone, 
the  principle  of  choosing  various  zone's  air  excess  coefficient  is  determined.  Finally,  the  hot  test  illustrates  the 
feasibility  of  the  scheme. 


1.  FOREWORD 

Bituminite  produced  in  Gansu  province  has  good  ignitability  and  combustion  performance,  but  it  also  has  severe 
slagging  property.  In  traditional  pulverized  coal  tangential  firing  boiler  design,  the  uniform  air  distributing 
burner  ^oup  is  always  adopted  to  bum  the  bituminite,  such  as  "second  air-  primary  air  -second  air'  scheme 
which  leads  to  good  furnace  flame  coefficient  of  fullness  and  high  coal  powder  bum-off  rate.  But  this  scheme 
also  leads  to  over-high  temperature  zone  in  the  furnace,  and  causes  problems  such  as  serious  slagging  while 
burning  clinkering  coal ,  high  emission  of  thermal  NOx  and  fuel  NOx. 

In  this  paper,  an  idea  that  the  upper  primary  air  is  moved  to  lower  location  to  provide  room  for  OFA  is 
developed,  using  the  concentrated  primary  air  arrangement  plan  combined  with  the  horizontal  fuel  nch-lean 
combustion  technology,  the  altitude  and  horizontal  direction's  two-region  combustion  is  formed  to  make  boiler 
slagging-prevent  and  low  NOx  release. 

2.  THE  TRADITIONAL  BURNING  SYSTEM  DESIGN  FOR  GANSU  COAL 

A  410t/h  pulverized  coal  tangential  firing  boiler  is  investigated.  The  boiler  is  fl  shaped  arrangement,  which 
burners  are  divided  to  three  groups,  using  "second  air-primary  air-second  air"  arraying  scheme  illustrated  m 
Fig.l.  The  designed  and  actual  burning  coal  is  typical  Gansu  bituminite  which  has  good  ignitablility  and  high 
bum-off  rate  but  also  serious  clinkering  property.  The  ash's  soften  temperature  is  only  1185°C.  Although  the 
small  imaginary  tangential  circle  diameter  is  adopted  and  the  heat  release  rate  is  kept  lower  limit  value  in  design, 
the  serious  slagging  always  occurs  in  operation. 
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(a)horizontal  cross-section  (b)altitude  direction  (c)fumace  structure 


Fig.l.  Burning  system  arrangement 

3.  HORIZONTAL  FUEL  RICH-LEAN  COMBUSTION  TECHNOLOGY 
DEVELOPED  BY  ZHEJIANG  UNIVERSITY 

Zhejiang  University  developed  a  set  of  horizontal  fuel  rich-lean  combustion  technology  including  a  collision 
separation  equipment  which  schematic  diagram  is  shown  in  Fig.2,  when  the  pulverized  coal  air  mixture  flow 
through  the  equipment,  it  is  divided  into  fuel  rich  stream  and  fuel  lean  stream  [1].  The  important  technical 
parameters  of  the  separator  are  the  height  of  the  collision  block,  the  collision  angle  of  the  block  facing  air  flow, 
the  distance  between  the  block  and  the  separate  plate,  the  curve  shape  of  the  plate  located  at  the  opposite  of  the 
collision  block.  To  improve  the  technology  adaptability  to  coal  quality  and  the  boiler's  load,  the  separation  rate 
of  the  equipment  is  designed  as  adjustable  by  regulating  the  height  of  the  collision  block,  the  effect  of  regulating 
is  illustrated  in  Fig.3. 

After  the  air-coal  flow  is  divided  into  rich  coal  stream  and  lean  coal  stream  through  the  separation  equipment, 
rich  coal  stream  is  guided  to  the  side  of  burner  facing  the  upstream  flame  and  the  lean  stream  is  led  to  the  other 
side  of  the  burner,  which  forms  the  horizontal  fuel  rich-lean  technology,  for  the  lean  coal  stream  has  a 
concentration  C/A  of  0.1 -0.2,  forms  a  prevention  layer  around  the  waterwall  to  depress  the  waterwall  slagging. 


Fig.2.  Schematic  diagram  of  collision  Fig.3  The  coal  concentration  ratio  of  fuel  rich  side  to 
separation  equipment  lean  side  changed  with  the  height  of  collision  block 
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4.  RETROFIT  PLAN 


A  kind  of  combination  burning  system  is  developed  which  is  based  on  the  staged  combustion  technology  and 
horizontal  fuel  rich-lean  combustion  technology,  forming  two  region  combustion  in  the  altitude  and  horizontal 
direction.  Horizontal  two-region  combustion  scheme  uses  the  horizontal  fuel  rich-lean  technology,  making  the 
center  zone  of  furnace  as  a  high  temperature,  high  heat  release  rate  combustion  zone  while  the  near  wall  zone  as 
a  low  flow  velocity,  low  CO  and  solid  phase  concentration  zone. 

At  the  same  time,  the  upper  primary  air  is  moved  to  lower  zone  (as  illustrated  in  Fig.4)  to  form  altitude 
direction's  two-region  combustion.  Comparing  the  scheme  which  adds  OFA  to  decrease  NOx  release,  the  total 
height  of  the  burner  group  will  not  be  changed  and  the  waterwall  will  be  kept  without  retrofitted  in  this  retrofit 
plan. 


OFA 


■Q- 


second  air  . B 

prinnaryair  |  |- 

second  air  . | . j.,.. 

fuel; 

second  air 

primary  air..  [  . [ 

second  air  . j . ""j..,. 


Fig.4.  Schematic  plan  of  moving  upper  Fig.5.  Air  excess  coefficient  in  burners'  the 
primary  air  to  loveer  location  zone  and  heat  release  rate  in  furnace 


After  the  upper  primary  air  being  moved  downward,  the  air  excess  coefficient  of  the  lower  furnace  zone  should 
be  decreased  to  0.75.  The  heat  release  rate  of  that  zone  also  decreases  which  causes  the  temperature  of  that  zone 
decreases  too. 


Altitude  direction  staged-combustion  always  increases  the  carbon  bum-off  rate,  but  when  using  the  above  retrofit 
scheme,  the  residence  time  of  coal  particle  in  furnace  extends,  so  the  bum-off  rate  can  be  controlled. 


Moving  the  upper  primary  air  burner  to  lower  location  just  means  the  using  of  the  primary  air  concentric  arrange 
program  in  bituminite  burned  boiler.  Someone  may  think  it  will  increase  the  heat  release  rate  of  the  lower  zone 
of  furnace,  but  considering  the  air  excess  coefficient  control  scheme,  the  heat  release  rate  can  be  controlled, 
which  is  analyzed  as  follows. 

5.  THE  FURNACE  HEAT  RELEASE  ANALYZING 


The  burner’s  zone  heat  release  (q^jr  represents  the  temperature  level  of  burner's  zone,  which  is  an  important 
parameter  to  prevent  waterwall  slagging.  Which  is  expressed  as: 


(qA)r 


BQnet.ar.p 

3600uH, 


(1) 


where,  B  is  the  coal  amount  used  per  hour,  kg/h  ;  Qnet.ar.p  represents  the  coal's  net  calorific  power,  Mj/kg  ; 
u  represents  the  circumference  of  the  furnace,  m  ;  is  the  total  height  of  the  burner  group,  m. 
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To  various  coal  in  China,  the  limited  value  of  (qA)r  is  different[4]: 

(q^X  <  (9.531-1.3791nR)xl0*  (2) 

where,  R  is  the  coal  clinkering  property  factor. 

R  =1.237B/A  +  0.282-^^-0.0023-ST-0.0189-G +  5.415  (3) 

AI2O3  ^  ^ 

Where,  B  /  A  is  the  amount  ratio  of  alkali  to  acid  of  the  ash;  SiOj  /  AI2O3  represents  the  amount  ratio  of  Si02 
to  AI2O3 ;  ST  is  the  soften  temperature  of  the  ash;  G  represents  the  silicium  ratio. 


Using  the  above  formula  (2),  we  can  get  the  limited  (q^)!  value  of  the  boiler  is  2.3  MW  /  m^ .  Then  we  know  if 
the  upper  primary  air  burner  is  moved  to  lower  location  as  illustrated  in  Fig.4,  and  with  the  same  coal  heat 
release  law,  the  burner's  zone  heat  release  (qA)r  will  be  double  of  that  before  retrofit,  which  will  exceed  the 

permitted  range.  To  avoid  such  problem,  the  air  excess  coefficient  in  the  lower  half  of  the  furnace  should  be  kept 
as  0.75  to  control  the  pulverized  coal  combustion  velocity  in  the  lower  zone  of  the  furnace. 

6.  NUMERICAL  SIMULATION  OF  THE  FLOW  FIELD 
AND  THE  TEMPERATURE  FIELD 
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Fig.6.  The  flow  field  at  B  layer  section  after 
moving  upper  primary  air  downward 
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Fig.8.  Cross-section  temperature  field  at  15m 
height  under  design  condition 


Fig.7.  The  relative  circle  diameter 
changes  with  furnace  height 
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Fig.9.  Cross-section  temperature  field  at  15m 
height  under  retrofit  condition 
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Using  numerical  simulation  [2],  the  flow  field  of  the  middle  primary  air  section  of  the  furnace  after  retrofitting  is 
calculated,  as  illustrated  in  Fig.6.  Fig.7  illustrates  the  calculated  results  of  the  relative  tangential  circle  in  the 
furnace  in  the  case  of  only  middle  primary  air  flow  in  the  furnace,  designed  operation  condition  and  condition 
after  retrofit,  it  is  clear  that  the  relative  flow  circle  diameter  decreases  after  moving  the  primary  air  downward,  it 
may  be  the  results  of  the  pulling  down  the  spacing  of  the  upper  second  air  burners.  The  temperature  filed 
simulation  results  are  shown  in  Fig.  8  and  Fig.9,  which  indicates  the  temperature  of  burners'  zone  decrease  more 
than  100°C  after  retrofit. 


7.  HOT  TEST  OF  RETROFIT  SCHEME 

Because  of  the  complication  the  combustion  process,  only  theoretical  analyzing  is  not  enough,  hot  test  is  done  to 
prove  the  feasibility  of  retrofit  scheme.  Closing  the  upper  primary  air  and  using  the  upper  two  second  air  as 
overfire  air,  the  load  of  upper  burner  is  shared  by  the  B  and  the  A  primary  air  burner,  and  the  load  of  the  A 
primary  air  burner  is  bigger  than  B  ,  the  boiler  is  under  full  load.  The  hot  test  results  show  that  no  slagging 
occurs  in  furnace  and  the  flame  is  stable,  the  main  steam  temperature  is  rated  and  the  highest  furnace  flame 
temperature  decreases  by  1C)0°C  than  that  in  the  design  condition  which  is  anastomotic  with  numerical 
simulution.  And  an  important  phenomenon  is  that  the  NOx  emission  decreases  60%  than  design  condition  and. 

8.  CONCLUSIONS 

(1)  Moving  the  upper  primary  air  downward  to  form  staged  combustion  in  altitude  direction  and  using  the 
horizontal  fuel  rich-lean  burner  to  realize  the  slagging  prevention,  NOx  emission  decreasing. 

(2)  Concentrated  primary  air  arrangement  to  make  bituminite  burned  boiler  slagging-prevent  and  low  NOx 
release,  the  air  excess  coefficient  controlling  is  important,  through  controlling  the  air  excess  coefficient  in 
the  various  zone  of  the  furnace  to  control  the  heat  release  rate  is  an  effective  way  to  prevent  waterwall 
slagging,  which  decreases  the  NOx  emission. 

(3)  In  paper,  the  principle  of  the  air  excess  coefficient  controlling  is  given. 

(4)  The  numerical  simulation  method  combining  with  the  modeling  test  and  hot  test  prove  the  feasibility  of  the 
concentrated  primary  air  arrangement  for  slagging  prevention  and  NOx  release  decreasing. 

(5)  To  set  adjusting  means  in  concentrated  primary  air  arrangement  scheme  is  important,  which  can  restore  the 
burner  group  to  the  scheme  of  eight  burners  bearing  full  load,  which  is  proved  feasible  in  hot  test. 
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ABSTRACT.  In  this  work  carbon  combustion  rates  are  predicted  based  on  the  proposed  model  for  a  variety  of 
gas  mixture  conditions.  An  entrained-flow  reactor  was  used  to  experimentally  measure  the  overall  combustion 
rate  of  pulverized-coal  char  in  different  gas  temperature  (from  1247  to  1575  K)  with  selected  O2  partial  pressure 
balanced  by  CO2  or/and  N2  Discussions  about  some  of  the  important  influencing  factors  are  also  presented. 

1.  INTRODUCTION 

Rising  concern  about  global  warming  have  focused  attention  on  the  need  to  reduce  the  atmospheric  emissions  of 
greenhouse  gases  from  fossil  fuel  use.  CO2  released  from  fossil  fuel  combustion  retain  the  major  focus  of 
attention  in  the  search  to  reduce  greenhouse  gases  due  to  the  much  larger  quantities  emitted.  The  novel  CO2 
reduction  technology  involves  fossil  fuel  combustion  in  a  CO2/O2  medium,  which  has  the  advantage  of 
producing  a  highly  enriched  CO2  steam  for  removal  and  disposal  from  a  variety  of  new  or  retrofit  power 
generation  applications[l]. 

Application  of  flue  gas  recycle  combustion  to  power  generation  and  CO2  capture  has  been  proposed  and 
evaluated  [2].  The  mode  of  operation  of  a  steam  boiler  employing  an  oxygen  and  flue  gas  recycling  combustion 
process  is  shown  schematically  in  Fig.l.  Another  important  application  is  coal  gasification  in  spout  bed  reactor 
by  CO2  stream[3].  Carbon  reaction  in  air  and  in  CO2/O2  medium  are  expected  to  show  different  behaviors  which 
will  have  important  implications  in  design  of  new  concept  coal  combustion  and  gasification  facilities  including 
furnace,  coal  gasifier,  coal  burner,  solid-gas  flow  and  reaction,  heater  transfer  in  furnace  and  etc.  One  of  those 
focuses  is  to  acquire  new  knowledge  on  combustion  rate  of  pulverized-coal  char  in  O2/CO2  and  important 
differences  in  comparing  with  the  traditional  reaction  process  in  air  environments. 


Fig.l  Schematic  of  the  C02  recycle  power  plant  system 

In  this  work  theoretical  investigations  on  reaction  rate  of  carbon  particles  are  implemented  based  on  a  model 
that  has  been  recommended  in  literatures  [4],  Dependence  of  reaction  rate  on  environmental  temperature  and 
medium  with  different  CO2/O2  mole  ratio  are  predicted.  Calculated  results  of  carbon  particle  temperature 
variation  in  the  reaction  process  are  also  presented.  The  combustion  rates  of  pulverized-coal  char  in  O2/CO2  as 
well  as  in  O2/N2  environments  were  experimentally  studied  in  an  entrained-flow  reactor  (EFR).  The  tested  gas 
temperature  were  from  1247  to  1575  K  with  selected  O2  partial  pressure.  Preliminary  discussion  about  the 
different  carbon  reaction  rate  in  air  and  in  CO2/O2  as  well  as  its  relevance  in  designing  the  novel  combustion 
facilities  for  CO2  recovery  is  given. 


2.  THEORETICAL  MODEL 


The  carbon  combustion  model  adopted  in  this  work  describes  chemically  and  physically  the  reaction  process  of 
a  single  carbon  particle  in  a  static  gas  medium.  The  chemical  reactions  take  into  account  the  surface  C-O2  and 
C-CO2  reactions  together  with  the  CO-O2  reaction  in  gas  phase  (as  shown  in  Eqs.l  to  3). 


C  +  I/2O2  ^CO  +  q,  (1) 

C  +  COj^lCO  +  q,  (2) 

CO  +  O2 -^2C02  +  q,  (3) 

Through  dimensionless  and  Zeldovich’s  transformation,  the  reaction  system  for  single  carbon  particle  can  be 
described  by  the  following  components,  as  presented  by  Eqs.4  and  5. 

L(Yp  +  Yf)  =  L(Yp  +  Yo)  =  L(Yp  -T)  =  L(Yn)  =  0  (4) 


L(T)  =  D,^W^ 

The  energy  conservation  equation  for  a  single  particle  in  the  reaction  system  can  be  expressed  as 

+  Gc(l  -COT.  +  £— (t'  -t1)  =  Q8Gc(.)  +  (Q  -  l)5Gc(h)  (6) 

Total  combustion  rate  can  be  predicted  as: 

G,  =  Gc  X  (47tp„D.„rJ  (2) 


dr 


3.  EXPERIMENTAL  TESTS 

The  measurements  on  char  combustion  rate  were  performed  in  an  electrically  heated  EFR,  which  has  a  2m  long 
corundum  tube  furnace  with  50  mm  inner  diameter.  The  sieved  char  particles  were  fed  through  a  water-cooled 
injector  into  the  reaction  zone.  A  water-cooled  probe  was  used  to  collect  and  quenched  the  solid  sample. 
Furnace  wall  and  gas  temperatures  were  continuously  monitored  by  thermocouples  positioned  along  the  length 
of  reactor.  And  gas  temperatures  can  also  be  predicted  by  using  a  numerical  simulation  code.  The  ash  tracing 
method  was  adopted  to  calculate  the  weight  losses  of  samples  due  to  solid  reaction. 

A  typical  Chinese  anthracite,  Yangquan  coal,  was  choosed  for  the  investigations.  Approximate  analyses  gives 
61.8%  fixed  carbon,  11.8%  volatile  matter,  1.4%  moisture  and  25%  ash.  The  chars  were  prepared  by  heating  at 
800°C  for  one  hour  in  a  muffle  furnace.  The  samples  were  sieved  to  a  particle  size  fraction  between  76  and 
102)im.  Test  conditions  in  the  experiments  are  shown  in  Table  1.  The  total  volumetric  flow  rates  through  the 
reactor  were  kept  as  the  same  for  all  test  conditions. 


TABLE  1:  Test  conditions  list. 


Test 

No 

O2  partial 
pressure  (atm) 

CO2  partial 
pressure  (atm) 

N2  partial 
pressure  (atm) 

Temperature  Range 
(K) 

1 

0.3 

0.7 

1247-1575 

2 

0.21 

0.79 

1247-1575 

3 

0.1 

0.9 

1247-1575 

4 

0.21 

0.79 

1247-1575 

5 

0.1 

0.9 

1247-1575 
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4.  PREDICTIONS  BASED  ON  THE  PROPOSED  MODEL 


Predictions  on  reaction  rate  of  a  carbon  ball  with  diameter  of  100|J,m  are  made  based  on  the  model  and  the 
selected  chemical  kinetic  parameters  taken  from  reference  [5],  From  Fig.2  to  Fig.5  some  preliminary 
conclusions  can  be  drawn  by  comprising  the  predicted  results  in  air  and  in  CO2/O2  medium  with  different  O2 
concentrations.  It  is  indicate  that  below  temperature  of  1750  K  the  overall  combustion  rate  in  CO2/O2  medium 
with  mole  ratio  of  79/21  is  lower  than  in  air.  The  overall  reaction  rate  increases  obviously  with  reduction  of  the 
CO2/O2  mole  ratios.  In  temperature  ranging  from  1300k  to  2000K  carbon  particle  temperature  is  always 
predicted  to  be  50  to  200K  higher  in  air  than  in  CO2/O2  mixtures. 


Gas  Temperature  T[  K] 


Fig.2.  Variation  of  combustion  rate  with  gas 
temperature  in  CO-JOz  medium 


Fig.4.  Variation  of  particle  temperature 
with  gas  temperature 


Fig.3.  Variation  of  combustion  rate  with  gas 
temperature  in  air 


Gas  Temperature  T  [  K] 


Fig.5.  Comparison  of  variation  combustion  rate 
with  gas  temperature  in  CO2/O2  medium 
and  in  air 


5.  EXPERIMENTAL  RESULTS 

Fig.6  shows  dependence  of  weight  losses  of  coal  char  particles  on  the  average  gas  temperature.  Weight  losses 
are  ranged  from  9%  to  50%.  For  gas  conditions  listed  as  No2,  No4  (equivalent  to  air)  and  No3,  No5,  although 
the  O2  partial  pressure  was  kept  as  same  level,  the  measured  weight  losses  was  lower  in  the  O2/CO2 
environmental  conditions  for  all  tested  gas  temperatures.  With  higher  O2  partial  pressure  in  the  gas  mixtures  the 
weight  losses  increased  obviously.  And  when  CO2/O2  partial  pressure  ratios  was  taken  as  2.33  (condition  Nol), 
the  measured  weight  loss  in  the  O2/CO2  environment  was  approaching  to  that  in  air.  Fig.7  shows  the  comparison 
of  model  prediction  and  measurement  results,  both  are  in  reasonable  agreement. 
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Fig.6.  Dependence  of  measured  weight  Fig.7.Comparison  of  predicted  and  measured  results 
losses  on  average  gas  temperature 


6.  PRELIMETARY  DISCUSSION 


Both  the  model  prediction  and  experiment  results  have  shown  that  below  1600K  the  overall  combustion  rate  of 
coal  char  is  lower  in  O2/CO2  than  in  O2/N2  (or  air)  environment  at  same  environment  gas  temperature.  The 
reasons  could  be  contribute  to  following  points: 

(1)  Thermal  properties  for  gas  mixtures  of  O2/CO2  and  O2/N2  are  different.  In  particular  gas  diffusivity  for  O2- 
CO2  is  lower  than  for  O2-N2.  Thermal  capacity  of  gas  mixtures  is  higher  for  O2-CO2.  This  would  decrease 
the  char  particle  temperature  and  lower  the  char  combustion  rate. 

(2)  For  the  O2/CO2  environment,  CO2  gasification  reaction  has  a  comparative  contribution  to  the  char  mass 
losses  because  of  dominant  proportion  of  CO2. 


7.  CONCLUSIONS 


Based  upon  the  selected  chemical  kinetic  parameters,  the  measurement  data  are  in  general  agreement  with 
predicted  results.  Both  the  model  prediction  and  experimental  measurement  results  show  that  below  1600K  the 
overall  char  combustion  rates  of  coal  char  are  lower  in  O2/CO2  than  in  O2/N2  environment  at  same  environment 
gas  temperature.  With  increasing  of  the  O2  partial  pressure  in  gas  mixtures,  the  overall  char  combustion  rates 
increase  significantly.  When  the  CO2/O2  partial  pressure  ratios  was  taken  as  2.33,  the  predicted  combustion  rate 
in  the  O2/CO2  environment  was  approximately  the  same  as  in  air  environments.  The  relevant  thermal  properties 
and  gas  diffusion  are  different  for  different  gas  mixtures  and  play  an  important  role  in  char  reaction  process. 
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ABSTRACT.  In  a  wet  desulfurization  process  NaOH  solution  is  sprayed  into  flue  duct,  small  droplets  are  then 
formed  and  react  directly  with  gaseous  SO2  in  FG.  hi  this  paper  a  two-phase  mathematical  model  based  on  dual 
film  mass  transfer  theory  and  boundary  layer  theory  on  the  surface  of  droplet  is  proposed  to  describe  the 
reacting  processes  between  the  gaseous  SO2  and  a  single  droplet.  Then  according  to  the  droplet  diameter 
distribution  function,  a  set  of  formulas  to  estimate  the  binding  capability  of  droplets  on  SO2  and  to  predict  the 
desulfurization  efficiency  are  established.  Through  numerical  calculation,  key  factors  such  as  pH  value  of 
droplets,  the  ratio  of  spraying  NaOH  solution  volume  to  the  volume  of  FG,  etc.  are  analyzed  and  discussed. 
Aditionally,  a  SO2  removal  pilot  eiqieriment  is  carried  out  on  the  flue  duct  of  a  coal-fired  industrial  boiler  with 
steam  capacity  of  lOT/h  to  test  the  SO2  removal  rate. 

1.  INTRODUCTION 

Gaseous  sulfur  dioxide  exhausted  from  coal-fired  industrial  boilers  contributes  a  lot  to  air  pollution.  Wet 
scrubbers  using  dual  alkali  solutions  as  absorbents  are  widely  used  in  industrial  boilers  to  intercept  sulfur 
dioxide  from  flue  gases.  Under  high  pressure  alkalescent  NaOH  solution  is  sprayed  into  the  scrubber  by  a 
mechanical  atomizer,  the  atomized  alkalescent  droplets  contact  with  gaseous  sulfur  dioxide  directly,  at  the 
meantime,  physical  and  chemical  interactions  are  taking  place  and  sulfur  dioxide  is  absorbed.  NaOH  solution  is 
commonly  used  as  the  spraying  alkali  because  NaOH  is  more  reactive  than  Ca(OH)  2,  and  the  reaction 
production,  namely,  Na2S04  or  Na2S03  can  easily  dissolve  in  water.  The  reacted  solution  discharged  from 
scrubber  is  treated  with  hme  in  a  settling  pond  and  NaOH  is  formed  again  with  calcium  sulfate  or  calcium 
sulfite  deposits  in  the  pond.  The  reformed  NaOH  solution  is  set  back  to  the  scrubber. 

2.  MATHEMATICAL  MODEL  FOR  A  SINGLE  DROPLET  OF  NaOH  SOLUTION  ABSORBING 

SULPHUR  DIOXIDE  IN  FLUE  GAS 

A  single  droplet  of  alkali  solution  absorbs  SO2  according  to  the  following  step: 

1.  Gaseous  SO2  diSiise  to  outside  surface  of  droplet  through  the  gaseous  boundary  layer, 

2.  On  the  gas-hquid  phase  boundary  surface,  SO2  dissolve  in  the  hquid  till  equilibrium  is  reached. 

3.  The  dissolved  SO2  dissociates  into  HSOs'  and  SOs^'  ions,  the  ions  then  diffuse  in  the  solution  mainly  as  SOb^'. 

4.  Na'^  ion,  which  is  formed  as  a  result  of  NaOH  dissociation,  reacts  with  SOs^"  in  the  solution.  Their  reaction 
can  be  described  by  the  following  equations  : 

2Na^  +  SOj^-  =  NaaSOj ,  Na^  +  HSOj"  =  NaHSOj 

According  to  dual  film  theory,  there  is  a  film  on  either  side  of  the  gas-hquid  phase  boundary  layer  in  the  process 
of  convective  mass  transfer  between  the  two  phases.  Ions  pepetrate  the  films  by  diffusion,  and  the  difiusion 
process  through  the  film  consists  of  the  main  resistance  of  the  mass  transfer  for  both  phases. 

A  droplet  of  NaOH  solution  in  the  spray  mist  can  be  divided  into  five  zones  as  shown  in  Fig.  1 . 

1.  The  most  outside  section  with  radius  r  larger  than  rj  is  the  first  zone  ( r  >  rj ),  where  the  concentration  of  SO2 
equals  to  that  in  the  bulk  flow  Csg. 

2.  The  second  zone  is  the  anniilar  area  with  radius  r  in  the  range  ^  r  ^  rj ,  this  zone  forms  the  gaseous 
boundary  layer  of  the  gas-hqmd  phase  system. 

3.  The  section  within  rf<  r  <  p  is  the  third  zone,  from  which  SOs^'  ion  diffuses  to  the  reaction  surface  as  a 
counterflow  in  the  direction  of  rf. 
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4.  The  section  within  12  <  r  <  rf  is  the  fourth  zone,  where  Na"^  ion  diffuses  to  the  reaction  surface  in  the  direction 

of  rf.  ^ 

5.  The  core  with  radius  r  less  than  r2  is  the  fifth  zone,  where  the  concentration  of  alkali  keeps  its  initial 

concentration  value  in  the  spray. 


Fig.l.  The  five  zones  division  for  a  single  droplet  and  ion  concentration  distribution  in  the  direction  of 

droplet  radius 

The  meanings  of  the  nomenclature  specified  in  Fig.l  are  as  follows:  Csg — gaseous  concentration  of  SO2  in  the 
bulk  flow  around  NaOH  solution  droplet,  mg/Nm^  Csg„r-concentration  of  SO2  on  the  surface^  of  NaOH 
solution  droplet,  mg/Nm^;  C’s— concentration  of  SOs^'  in  the  NaOH  solution  droplet,  mg/Nm ;  C”Na+— 
concentration  of  Na^  in  the  NaOH  solution  droplet,  mg/Nm^  C’Na.— initial  Na^  concentration  in  the  NaOH 
solution,  mg/Nm^;  if  —the  position  of  Na""  and  SOs^"  reaction  surface,  m;  5„— depth  of  boundary  layer 
contenting  dissolved  SO2,  m;  ri=  ri+  5^  rj—radius  of  a  certain  droplet  in  the  spray,  m;  r2— radius  of  the  core 
that  contents  initial  Na"^  concentration,  m. 

The  governing  equations  are  obtained  on  the  basis  of  the  following  four  assumptions: 

1.  There  is  no  macroscopic  movement  of  NaOH  solution  in  the  droplet,  and  there  is  no  temperature  gradient 
inside  the  droplet. 

2.  Heat  of  solution  and  heat  of  reaction  is  negleaed. 

3.  Reaction  rate  of  ions  is  far  more  r^id  than  their  diffusion  rate. 

4.  On  the  boundary  surface  of  gas-liquid  phases,  dissolution  of  SO2  equilibrium  in  the  liquid  is  reached. 

Solubility  of  SO2  in  the  NaOH  solution  droplet  can  be  described  by  Henry’s  Law.  ^  ^ 

5.  According  to  the  above  assumptions,  together  with  help  of  quasi-stationaiy  analytical  method,  SO3 '  and  Na 
ion  concentration  distribution  function  in  the  droplet  can  be  established  as  follows: 


For  SOs^': 


2c;  „ 

+ - ^  =  0 

r  dr 


(1) 


For  Na"^: 


,  2  C', 

dr^  T  dr 


(2) 


With  boundary  conditions:  1 .  At  r  =  if ,  C'  (rj- ,  t)  =  0 ,  Qa  (li ,  t)  -  0 
At  r  =  12  ,  C'^a  fe  =  t)  “  C'fja,: 

^tr  =  r  (c  -C  ) 

^  VW  ^Sg,in/ 


(3) 

(4) 

(5) 


where  D’  is  diffusion  coefficient  of  SOs^'  in  the  droplet,  m^/sec.  And  h„.  =  convective  mass  transfer  coefficient 
According  to  Geankoplis  [1],  convection  mass-transfer  formula  for  spherical  surface  can  be  expressed  as: 


Sh  =  2-h0.75-Sc^/^-Re‘/^ 


(6) 


where  Sh  is  Sherwood  number,  Sh  =  ^  ;  Sc  is  Schmidt  number,  Sc=y/D;  R*  is  Reynolds  number. 


D 


V„d. 


Re  =  ;  and  D  is  molecular  gaseous  difiiision  coefficient  of  SO2 ,  m  /sec;  y  is  the  kinematic  viscosity  of  the 

V 

gases. 

On  the  boimdaiy  surface  of  radius  ri,  dissolved  SO2  in  the  NaOH  solution  is  in  accordance  with  Henry’s  Law, 
which  can  be  expressed  as: 


H-M„ 

R,-T-p,  - 


(7) 


where  H  is  Heiuy’  law  constant,  atm  cmV(g.mole.);  M*  is  molecular  weight  of  water,  18  g/mol;  R^  is  the 
universal  gas  constant  equal  to  1.987  cal/(g.mole.K);  T  is  absolute  temperature  of  flue  gas,  k;pd  is  density  of 
alkali  solution,  it  can  be  well  approximated  by  density  of  water  g/cm^. 

From  which,  solutions  for  equation  (1)  and  (2)  can  be  derived  as  follows: 


C  = 


0.75-|^|-Sc‘/'-Re‘/'-C„ 
D' 


1-^ 

k _ r 


+0.75/— 1 

l-ScV^ReVL 

f  h-m,  ^ 

j.-il 

1  VD'J 

,Ru-T-pd, 

1 

(8) 


and 


1-"^/ 


(9) 


Mass  flow  rate  of  SOs^'  and  Na^  through  the  two  films  on  either  side  of  the  reaction  surface  can  be  expressed  as: 


For  SO3  :  ih'  =  -47i  •  •  D 


.  gc;(q,t) 


ForNa^:  m"-47i-i^^D 


dr 

dr 


(10) 

(11) 


where  D’  and  D”  are  ion  diffusion  coefficients  for  SOs^'  and  Na"^  in  the  liquid  respectively. 


Fig.  2.  Qualitative  dependence  of  absorbed  SO2  mass  flow  rate  on  reaction  time  and  droplet  diameter 
(initial  SO2  concentration  in  the  bulk  flow  is  Cjg=1200mg/Nm^,  temperature  is  T=90"C,  pH  value  of 

droplet  is  13). 
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Differentiating  equation  (8)  and  equation  (9)  referring  to  radius  r  and  substituting  the  resulting  differentials  into 
the  equation  (10)  and  equation  (11),  together  with  the  chemical  reaction  equation,  the  radius  of  reaction  surface 
can  be  worked  out  and  we  obtain  the  e?q)ression  for  mass  flow  rate  of  SO2; 


. ,  47t-D'-(a-C,g  +  p-a-aH  -Qa,!)-!; 


m  = 


2— +  a-aH 


1-^ 


(12) 


where  a  =  0.75  •  —  •  Sc'^"  •  Re^' ;  an  =  ^  ;  p  =  X~~;andXis  stoichiometrical  factor  of 

D'  Ru-T-Pd  M  D 

chemical  reaction;  M’  and  M”  are  molecular  weight  of  SOs^  and  Na  respectively. 

From  the  equation  (12)  the  reaction  ability  of  alkali  droplets  absorbing  SO2  changing  with  diameter  and  reaction 
time  can  be  obtained  and  shown  in  Fig.2. 

3.  THE  TIME  FOR  NaOH  USE-UP  IN  DROPLETS  (ATa)  AND  THE  DURATION  TIME  OF 

DROPLETS  IN  THE  SCRUBBER  (Aiy) 

With  the  reaction  between  NaOH  and  dissolved  SO2  proceeds  in  the  droplet,  radius  of  the  core  where 
concentration  of  NaOH  in  the  solution  keeps  its  initial  value  is  deaeasing.  The  dependence  of  radius  r2  on  the 
reaction  time  can  be  determined  according  to  mass  conservation  law: 


dt 


M" 

X-M' 


•m 


(13) 


Initial  condition:  r2  =  ri  when  t  =  0 

The  time  needed  for  r2  reaching  zero  is  the  use-up  time  of  NaOH  contented  in  the  droplet  which  is  noted  as  Ats. 
Now  mass  flow  rate  of  SO2  m  in  the  equation  (13)  is  replaced  by  the  expression  (12)  and  the  use-up  time  Ats  can 
be  derived  as: 


Fig.3.  Use-up  time  At,  as  function  of  droplet  diameter  and  pH  value  ( SO2  concentration  in  the  bulk  flow 

is  C,g=  1200mg/Nm^;  temperature  is  T  =  90“C) 

From  Figure  3  it  can  be  seen  that  use-up  time  Ats  of  NaOH  increases  with  diameter  of  droplet  and  also  with  pH 
value  of  droplet. 
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In  the  SO2  scrubber,  the  absorbed  mass  flow  rate  of  SO2  is  influenced  by  mass  transfer  rate  as  well  as  duration 
time  of  droplets  within  the  scrubber.  It  is  assumed  that  duration  time  of  droplet  in  the  scrubber  (noted  as  Atr)  can 
be  approximated  by  the  ratio  of  scrubber  volume  to  the  volumetric  flow  rate  of  flue  gas,  namely  as: 

At,  =-^,  sec  (15) 

Vy 

where  Vy  is  scrubber  volume,  (m^)  ;and  Qy  is  volumetric  flow  rate  of  flue  gas,  (m^/sec). 

When  calculating  the  reaction  ability  of  droplet  for  absorbing  SO2,  use-up  time  At^  and  duration  time  At,  should 
be  estimated  firstly  for  different  droplets,  and  the  smaller  one  of  the  two  should  be  taken  as  reaction  time. 

4.  MAIBEMATICAL  MODEL  AND  EFFICIENCY  ESTIMATION  FOR  SO2  REMOVAL  WITH 

ALKALI  SOLUTION 

Alkah  solution  is  sprayed  into  scrubber  with  pressure  atomizer  and  mist  is  formed  as  a  result  of  atomization.  For 
per  mass  solution,  the  number  of  droplets  with  diameter  not  larger  than  di  is  noted  as  N(di),  and  the  droplet 
diameter  density  distribution  function  is  noted  as  n(di).  Then  N(di)  is  related  to  n(di)  as: 

N(dO  =  YN„-n(d,).d(d,)  (16) 


where  No  is  total  number  of  droplets  in  per  mass  solution,  and  dn^x,  dn^  are  the  maximum  and  the  minimum 
droplet  diameters. 

Expression  for  estimating  SO2  removal  efficiency  with  an  alkali  spray  can  be  derived  on  the  supposition  of  the 
following: 

1 .  The  gas  flow  field  in  the  scrubber  be  one  dimension  and  steady-state. 

2.  In  the  flow  process  the  alkali  solution  droplet  will  not  coalesce  or  be  crushed. 

3 .  The  droplets  are  well-distributed  in  the  flue  gas  and  their  vaporization  be  neglected. 


Considering  a  small  increment  of  distance  dx  in  the  direction  of  flue  gas  flow,  as  shown  in  Figure  4,  the 
absorbed  mass  of  SO2  by  alkali  solution  spray  can  be  estimated  with  the  help  of  Equation  (12): 


dM3o  — 


•n(d,)-d(di) 


dt 


(17) 


where  G  is  mass  rate  of  solution  spray  in  the  unit  time,  (L/sec). 

The  abatement  of  SO2  concentration  in  this  distance  dx  can  be  determined  as: 


-dCso,  =-^dM3o,  (18) 

Vy 

Let  Cso2,m  and  Cso2,out  indicate  inlet  concentration  and  outlet  concentration  of  S02(mg/Nm^)  in  the  scrubber;  the 
SO2  removal  efficiency  in  the  scrubber  is  detemuned  by: 

(19) 

The  calculated  SO2  concentration  distribution  in  the  direction  of  gas  flow  as  a  function  of  the  mass  flow  rate  G 
is  shown  in  Figure  4. 
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4.  PILOT  EXPERIMENT  DATA  OF  THE  SO2  REMOVAL  EFFICIENCY 
WITH  ALKALI  SOLUTION  SPRAY 

The  pilot  e?q)eriment  was  earned  out  on  a  coal-fired  industrial  boiler  with  pressure  of  1.25Mpa  and  capacity  of 
lOt/h.  Alkali  solution  was  sprayed  into  the  downstream  flue  duct.  The  end  of  the  flue  duct  was  connected  with  a 
wet  dedustor  using  water  spray  to  remove  dust  in  the  flue  gas.  Pressure  atomizer  was  installed  in  the  inlet  of  the 
flue  duct.  Temperature  measuring  and  gas  san:q)ling  points  were  arranged  in  the  duct  inlet  and  outlet  In  order  to 
prevent  the  condensation  of  steam  vapor  in  the  sampling  process,  electrical  heating  sampling  pipe  is  used. 
Schematic  of  alkali  solution  system  and  measuring  points  arrangement  is  shown  in  Fig.  5. 


Fig.5.  Schematic  of  alkali  solution  system  and  measuring  points  arrangement 
(1 — lOt/h  industrial  boiler,  2 — downstream  flue  duct,  3 — ^wet  fly-ash  collector,  4 — stack,  5 — ^Alkali 
dissolution  tank,  6 — alkali  solution  storage  tank,  7 — alkali  solution  pump,  8 — ID  fan,  9 — ^flowmeter  for 
alkali  solution,  10 — ^pressure  atomizer,  11 — ^flue  gas  flue  sampling  system,  12 — ^thermocouple,  13 — alkali 

solution,  14 — dewater  tower,  15 — ^water) 

Flue  gas  velocity  (noted  as  Oy)  in  the  duct  was  measured  and  the  value  was  cOy  =  8.5m/s  under  the  experimental 
conditions.  The  experimental  data  and  calculated  values  of  SO2  concentration  at  the  inlet  and  the  outlet  of 
boiler’s  downstream  duct  are  listed  in  Table  1.  The  flow  rate  of  spray  solution  was  0.31/sec.  Deviation  between 
experimental  data  and  calculated  values  is  less  than  5%. 

When  calculating  desulfurization  efficiency,  the  experimental  data  of  SO2  concentration  at  duct  outlet  should  be 
converted  into  values  on  the  basis  of  inlet  excess  air  coefficient  in  FG  to  take  into  account  the  leakage  of  the 
duct.  The  experimental  and  calculated  desulfurization  efficiency  curves  under  the  condition  of  different 
alkalescent  solution  pH  values  are  compared  in  Fig.  6. 
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Table  1.  Experimental  Data  Of  SO2  Concentration  In  The  Duct  Inlet  And  Outlet 
And  Comparison  With  The  Calculated  Data 


Sulfur  content 
in  the  coal 

Sar  (%) 

0.75 

1.05 

flow  rate  of 
spray  solution 

G  (L/sec) 

0.30 

0.3 

Duct  inlet 

02.in(%) 

10.3 

10.4 

Excess  air 
coefficient 

Otw 

1.96 

1.98 

Ti:,  CC) 

175 

173 

SO2 

concentration 

869 

1159 

pH  value  of 
solution 

pH 

12.5 

13.0 

13.3 

13.5 

12.5 

13.0 

13.3 

13.5 

13.7 

Duct  outlet 

02.out 

(%) 

12.5 

12.4 

12.4 

12.5 

12.6 

12.6 

12.7 

12.6 

12.7 

Excess  air 
coefficient 

“out 

2.47 

2.46 

2.46 

2.47 

2.5 

2.5 

2.53 

2.5 

2.53 

BBlill 

Tout  CC) 

95 

94 

SO2 

concentration 

650 

590 

502 

391 

865 

806 

703 

618 

448 

Converted 
into  values 
on  ttin  basis 

C' 

'^SOj.out 

mg/N^ 

819 

740 

630 

423 

109 

2 

101 

8 

898 

776 

572 

Calculated  SO2  concentration  at  duct  outlet 
C'so2.out  mg/N^ 

834 

758 

648 

518 

112 

4 

104 

9 

940 

813 

600 

Deviation  A% 

1.76 

2.37 

2.81 

4.99 

2.83 

3.03 

4.49 

4.44 

4.59 

60.0 


d  50.0-1 

S' 

.®  40.0  -I 

e 

c  30.0  -\ 
o 

CO 

■c  20.0  -I 


10.0  H 


0.0 


A 

Experimental  data 

0 

Calculation  curve 

~l - 1 - 1 - 1 - 1 - 1 - i - \ - i 

12.0  12.2  12.4  12.6  12.8  13.0  13.2  13.4  13.6  13.8 
pH  value  of  alkalescent  water 


pH  value  of  alkalescent  water 


Fig.6.  Comparison  of  experimental  and  calculated  desulfurization  efficiency  under  the  condition  of 
different  alkalescent  solution  pH  values  (a)Sar=0.75%  (b)Sj,r=1.05% 
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6.  CONCLUSIONS 


1.  Diameters  of  droplets  formed  as  a  result  of  atomization  have  a  remarkable  effect  on  desulfurization 
efficiency.  In  order  to  obtain  a  higher  desulfurization  efficiency,  good  atomization  performance  of  the 

atomizer  is  requested  and  the  mean  diameter  of  droplets  shall  be  less  than  150um. 

2.  Desulfurization  efficiency  can  be  improved  by  increasing  spray  flow  rate.  But  excessive  flow  rate  of  spray 
will  cause  a  heavy  water  entrainment  in  FG,  thus  a  dehydration  unit  shall  be  installed  before  draught  fan. 

3.  When  the  alkali  solution  spray  is  adopted  for  FG  desulfurization,  the  pH  value  of  alkali  solution  should  be 
around  13.5  and  the  corresponding  desulfurization  efficiency  is  35-40%. 
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ABSTRACT.  Petroleum  coke  residual  oil  slurry  (POS)  is  a  new  kind  of  substitute  fuel  that  is  developed  for 
burning  oil  boilers  of  power  plant.  It  is  a  noixture  of  pulverized  petroleum  coke  and  residual  oil.  It  can  not  only 
make  good  use  of  petroleum  coke,  but  also  save  fuel  oil  in  quality.  The  experimental  study  on  combustion 
character  of  POS  is  done  throu^  a  series  of  experiments  on  0.4MW  test  facility  in  this  paper.  The  experimental 
results  show  that  POS  with  high  concentration  of  40%  pulverized  petroleum  coke  can  be  prq)ar^,  heated, 
transported  and  burned  and  the  combustion  efficiency  is  hi^.  The  parameters  such  as  POS  concentration,  POS 
heating  temperature,  fuel  load  and  oxygen  content  have  high  influences  on  combustion  efficiency.  In  addition, 
discharge  behaviors  of  pollutants  such  as  NOx,  S02,  and  CO  are  also  discussed  when  the  POS  is  burned  in  the 
chamber. 


1.  INTRODUCTION 

Petroleum  coke  is  final  after  product  of  heavy  oil  that  is  deeply  processed.  The  amount  of  petroleum  coke  has 
the  increasing  tendency  to  be  used  at  home  and  abroad  [1,2].  Whether  petroleum  coke  can  be  used  for  fuel  of 
boiler  in  power  plant  has  becomes  the  key  problem  that  is  solved  for  increasing  amount  of  petroleum  coke. 
There  are  three  ways  when  petroleum  coke  is  used  as  the  fuel  of  boiler  for  combustion  at  the  present  time.  The 
first  way  is  combustion  of  petroleum  coke  or  mixing  combustion  of  pulverized  petroleum  coke  and  coal  [3].  The 
second  way  is  mixing  combusticm  of  pulverized  petroleum  coke  and  heavy  oil.  The  third  way  is  combustion  of 
slurry  fuel  that  is  a  mixture  of  pulverized  petroleum  coke  and  residual  oil  [4].  Even  though  petroleum  coke  has  a 
lot  of  advantages  such  as  low  price  per  heat  value,  low  ash  content  and  easy  to  grind,  it  will  result  in  incomplete 
combustion  and  an  unstable  flame  if  burning  petroleum  coke  directly  in  boilers  because  of  its  low  percentage  of 
volatile.  In  contrast  to  coal  oil  mixture  (COl^  and  coal  water  slurry  (CWS)  that  are  used  as  oil  substitute  in 
many  boilers,  POS  is  convenient  to  be  pipelined  and  be  stored  as  fluid  fuel.  Furthermore,  the  heat  value  is 
higher  than  COM  and  CWS.  Besides,  the  ash  content  in  petroleum  coke  is  very  low,  and  it  is  unnecessary  to 
change  furnace  bottom  structure  while  retrofitting  oil-fired  boilers  to  POS-fired  boilers. 

The  results  of  rheological  experiments  show  that  POS  is  a  kind  of  non-Newtonian  fluid  and  has  hi^  viscosity. 
Maximum  concentration  of  petroleum  coke  and  combustion  characters  for  POS  are  different  for  different  kinds 
of  viscosity  residual  oil  [5,6].  Therefore,  it  is  necessary  to  study  characters  of  the  flow,  heat  transfer  and 
combustion  for  POS.  On  the  basis  of  investigations  of  the  characters  of  preparation,  theology,  flow,  and  heat 
transfer  for  POS,  a  series  of  experiments  in  a  0.4MW  test  facility  are  conducted  to  investigate  the  combustion 
characters  of  POS.  Based  on  the  experimental  results,  the  various  parameters  that  have  influence  on  combustion 
and  discharging  behaviors  are  discussed. 

2.  EXPERIMENTAL  SETUP 

The  experimental  system  for  combustion  of  POS  is  shown  in  figure  1,  which  includes  six  parts:  POS  supply 
system,  light  oil  igniting  system,  wind  and  gas  system,  cooUng  system,  measurement  system  and  chamber.  The 
POS  supply  system  consists  of  preparation  apparatus,  heating  apparatus  and  transporting  system  There  is  a 
screw  mixer  in  the  preparation  apparatus,  the  mixer  can  disturb  petroleum  coke  and  residue  oil  fully  and  make 
the  required  POS.  The  heating  system  is  a  coded-coil  heater  with  mixing,  which  can  heat  POS  a  more 
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temperature  before  the  chamber  and  satisfy  the  requirements  for  atomizing  and  transporting.  The  transporting 
system  consists  of  a  screw  pump,  which  can  overcome  the  flow  resistance  losses  for  pipe,  pressure  losses  in 
heater  and  supply  the  pressure  for  atomizing.  The  measurement  system  includes  color  pyrometer,  thermal- 
couple  pyrometa",  CYT  oxygen  scope,  gas  chromatograph,  MSI  flue  gas  analyzer  and  flue  dust  sample  scope,  hi 
order  to  understand  the  combustion  behaviors  of  POS,  the  measuremaits  of  temperature  distribution  for  axial 
and  radial  directions,  flue  gas  composition  in  chamber,  flue  gas  composition  and  fly  ash  carbon  ccmtent  at  the 
tail  of  gas  flue  are  carried  out.  The  different  kinds  of  thermal  parameters  for  the  process  of  pr^aration,  heating 
and  transporting  are  also  supervised  and  recorded  so  that  stable  operation  of  the  system  can  be  made  in  the 
experiment  period. 


Fig.l  Experimental  system  of  combustion 


3.  EXPERIMENTAL  CONDITIONS 

The  fuels  for  experiments  include  the  residual  oil  and  POS  with  the  30%  and  40%  concentration  of  petroleum 
coke.  The  ultimate  analysis  and  net  calorific  values  of  residual  oil  and  petroleum  coke  are  shown  in  Table  1.  The 
SMD  average  diameter  of  pulverized  petroleum  coke  is  45pm,  R7o>84%,  and  the  volatile  matter  of  dry  ash  firee 
for  petroleum  coke  is  10.7%.  Firstly,  the  comparing  expa-iments  between  the  POS  with  the  concentration  40% 
of  petroleum  and  residual  oil  was  made.  Then  the  experiments  of  different  operating  conditions  (such  as  heating 
temperature  of  POS,  load,  and  oxygen  content,  etc  )  for  POS  with  the  concentration  40%  of  petroleum  coke 
were  also  carried  out. 


1604 


Table  1.  Fuel  Character 


Sample 

Ultimate  Analysis 

W% 

A% 

C% 

H% 

N% 

S% 

0% 

Qnet  ar 
(J/g) 

Petroleum  coke 

(air  dry) 

/ 

0.04 

86.13 

11.6 

0.71 

0.74 

0.82 

43300 

(high) 

Residual  oil 

(dry) 

0.70 

0.39 

90.29 

3.87 

1.80 

2.18 

0.77 

37267 

(lower) 

4.  EXPERIMENTAL  RESULTS 

The  efficiency  of  combustion  is  the  major  aiterion  that  is  used  as  evaluating  combustion  behavior  for  POS.  The 
efficiency  of  combustion  is  determined  by  measuring  unbumt  CO  loss  qs  and  unbumt  carbon  loss  q4.  The 
experimental  results  show  that  combustion  efficiency  for  residual  oil  is  very  hi^  and  as  high  as  99.8%  .The 
unbumt  carbon  loss  q4  of  POS  is  hi^er  than  that  of  residual  oil  because  POS  is  difficult  to  be  burnt  out. 
Therefore,  the  combustion  efficiency  of  POS  is  lower  than  that  of  residual  oil.  The  experimental  results  also 
show  that  the  combustion  efficiency  of  POS  for  different  operating  conditions  is  between  92%  and  97%,  and  the 
chemical  heat  loss  qs  of  unbumt  combustion  is  very  low  and  is  as  low  as  0.1%  when  POS  is  burnt.  However,  the 
mechanical  heat  loss  q4  of  unbumt  combustion  is  between  3.16%  and  8.4%.  From  the  analysis  of  the 
experimental  results,  it  is  necessary  to  investigate  the  parameters  that  have  influence  on  q4  and  we  can 
understand  combustion  behaviors  of  POS.  It  can  be  known  from  the  results  that  the  main  factors  influencing  the 
efficiency  are  the  coke  concentration  of  POS,  the  excess  air  coefficient  and  the  heating  temperature  of  POS.  The 
parameters  that  have  influence  on  combustion  efficiency  and  discharge  behavior  are  discussed  as  followings. 

4.1  Influence  of  Parameters  on  Combustion  Efficiency 

Fig.  2  gives  the  influence  of  load  on  mechanical  heat  loss  q4.  As  shown  in  Fig.  2,  unbumt  carbon  loss  q4  is 
increased  slowly  with  the  load  of  POS.  The  reason  is  that  the  particles  of  POS  stays  in  chamber  for  longer  time 
and  can  be  burnt  out  more  fully  when  the  load  is  low.  However,  when  the  load  is  high,  the  particle  of  POS  stays 
in  chamber  for  shorter  time  and  the  combustion  can  not  be  burnt  out  fully. 


Fig.3  Influence  of  O2  %  on  q4 


Fig.  3  shows  the  variation  of  q4  with  oxygen  content.  It  can  be  seen  that  as  the  oxygen  content  is  increased,  q4  is 
decreased.  When  the  oxygen  content  is  lower  than  6%,  q4  is  decreased  quickly  with  increase  of  oxygen  content; 
when  the  oxygen  content  is  larger  than  6%,  the  oxygen  content  has  no  influence  on  q4.  It  can  be  obtained  from 
the  results  that  it  is  appropriate  to  control  the  oxygen  content  on  6%  at  the  tail  of  gas  flue,  and  the  result  is  as 
close  as  burning  coal  and  oil.  This  conclusion  verifies  that  combustion  behavior  of  POS  is  same  as  that  of  oil 
and  coal.  The  effect  of  heating  temperature  for  POS  on  q4  is  shown  in  Fig.4.  It  can  be  known  that  when  heating 
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temperature  is  iacreased  from  150  °C  to  160  °C,  mechanical  heat  loss  of  q4  is  decreased  about  3%.  The  reason  is 
that  with  the  increase  of  the  temperature,  viscosity  of  POS  is  decreased  and  the  performance  of  atomizing  is 
improved.  Therefore,  160  °C  or  more  hi^er  heating  temperature  for  POS  will  be  propitious  to  raising 
combustion  efficiency. 


Fig.4  Influence  of  heating  temperature  on  q4  Fig.5  Distributions  of  axial  temperature 

and  flue  compositions 

4.2  Influence  of  Parameters  on  Process  of  Combustion  in  Chamber 

Fig.5  gives  the  distributions  of  the  axial  temperature  and  the  flue  gas  compositions  in  the  chamber.  It  can  be 
seen  that  the  combustion  process  of  POS  can  be  divided  into  three  phrases;  preheating,  kindhng  and 
homogenous  combustion,  burning  of  the  petroleum  coke  residue.  The  axial  terrperature  distribution  in  diamber 
is  given  in  Fig.6  for  POS  with  40%  concentration  of  petroleum  coke  and  residual  oil.  It  can  be  seen  that  the 
temperature  of  residual  oil  combustion  is  higher  than  that  of  POS  in  the  former  part  of  chamber,  however, 
temperature  of  residual  oil  combustion  is  lower  than  that  of  POS  in  the  latter  part  of  chamber.  The  reason  is  that 
igniting  and  burning  out  of  residual  oil  is  quicka"  than  POS  and  the  combustion  of  residual  oil  is  focus  on 
former  part  of  chamber.  This  results  in  hi^er  temperature  in  the  part  of  chamber,  hi  the  latta-  part  of  the 
chamber,  residual  oil  has  been  burnt  out,  but  the  POS  is  still  in  combustion  and  this  results  in  higher  temperate 
for  POS  and  lower  temperature  for  residual  oil.  The  axial  temperature  distribution  in  chamber  is  shown  in  Fig.7 
for  different  loads  of  POS  when  other  parameters  such  as  oxygen  content,  heating  temperature  are  kept  same. 
Fig.7  shows  that  the  tempa'ature  in  chamber  is  increased  with  the  load.  As  the  POS  is  ignited  and  combusted  in 
chamber,  the  difference  of  temperature  at  the  &st  measuring  location  is  increased  from  50  C  to  100  C  at  the 
end  of  the 


Fig.6  Comparison  of  axial  temperature 
between  POS  and  residual  oil 


0  400  800  1,200  1,600  2,000 
Z  (mm) 

Fig.7  Influence  of  load  on  axial  temperature 


chamber.  The  maYimiim  temperature  for  residual  oil  and  POS  in  the  chamber  were  1397  C  and  1496  C 
respectively.  The  experimental  results  show  that  the  operating  conditicn  with  hi^er  load  will  be  propitious  to 
igniting  and  stable  combustion  in  chamber.  The  variation  of  axial  temperature  distribution  is  given  in  Fig.8  for 
three  c&erent  oxygen  contents.  It  is  seen  that  oxygen  content  has  httle  effect  on  the  temperature  in  chamber.  As 
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the  oxygen  content  is  increased,  both  the  maximum  temperature  and  unitary  temperature  in  the  boiler  are 
decreased.  It  is  shown  that  wtien  the  oxygen  content  is  larger  than  a  specified  value  the  temperature  in  the 
chamber  will  be  decreased  and  this  will  have  effect  upon  the  igniting,  combustion  and  formation  of  pollutants 
for  POS  and  wfil  have  influence  on  thermal  efficiency  of  boilCT.  The  influence  of  third  wind  ration  on  the  axial 
temperature  distribution  is  given  in  Fig.9  when  POS  with  40%  concentration  of  petroleum  coke  is  burned  in  the 
chamber.  It  can  be  seen  that  the  third  wind  ratio  have  effect  on  the  combustion  behavior  of  POS.  When  third 
wind  ratio  is  30%,  the  temperature  in  chamber  before  the  location  that  is  away  from  the  burner  275mm  is  higher 
compared  with  the  wind  ratio  8%.  At  the  locations  from  275mm  to  800mm,  the  temperature  is  lower  compared 
with  the  wind  ratio  8%.  The  temperatures  in  chamber  are  almost  same  for  both  two  operating  conditions  after 
that  location.  It  can  be  concluded  from  the  experimental  results  that  raising  of  third  wind  ratio  can  decrease  the 
maximum  temp^ature  in  diamber  and  this  will  be  propitious  to  decreasing  discharge  of  NOx. 


Fig.8  Effect  of  oxygen  content  on  distribution  Fig.9  Influence  of  third  wind  ratio 

of  axial  temperature  on  distribution  of  axial  temperature 


4.3  Discharge  Behaviors  of  Pollutants  for  POS  Combustion 

The  pollution  from  the  pollutants  of  fuel  combustion  has  becomes  more  severe  for  the  environments.  The 
government  has  takai  various  methods  to  control  the  discharge  of  pollutants.  It  is  essential  to  investigate  the 
discharge  behaviors  of  pollutants  such  as  NOx,  SO2  and  CO  when  POS  is  burned.  Fig.  10  gives  the  variation  of 
NOx  with  the  oxygen  content  when  POS  is  burned  in  the  chamber.  It  can  be  seen  that  the  NOx  is  increased  with 
the  increase  of  oxygen  content.  The  NOx  becomes  the  hipest  value  when  the  oxygen  content  is  (10-13)%. 
When  oxygen  content  is  larger  than  13%,  the  NOx  is  decreased  with  the  oxygen  content.  The  experimental 
results  also  show  that  the  discharge  behaviors  for  POS  with  different  concentration  of  petroleum  coke  are  same 
as  that  of  the  pulverized  coal  and  oil. 


O2  (%) 

Fig.lO  Influence  of  oxygen  content  on  NOx 


a 

Fig.  11  Variation  of  NOx  with  excess  air 
coefficient  for  different  loads 


Fig.  11  gives  the  influence  of  the  excess  air  coefficient  on  NOx  for  the  different  loads.  It  is  seen  that  NOx  is 
increased  quickly  when  the  load  is  increased  from  the  34.1kg/h  to  41.5kg/h  for  given  excess  air  coefficient.  The 
reason  is  that  the  temperature  of  the  combustion  chamber  is  increased  with  the  increase  of  the  load  and  this 
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results  in  increase  of  NOx. 


Fig.  12  show  the  variation  of  the  SO2  with  oxygai  content  when  40%  POS  is  burned  in  the  combustion  chamber. 
It  can  be  seal  that  the  oxygen  contait  has  no  influence  on  S02.The  experimental  results  also  show  that 
discharge  of  CO  is  mainly  dependent  on  the  oxygen  content  and  has  httle  relation  with  the  temperature  of  the 
chamber  and  the  load  when  POS  is  burned.  Fig.  13  gives  the  variation  of  CO  with  oxygen  content  for  30%  and 
40%  POS.  It  can  be  known  that  whien  oxygen  content  is  less  than  3%,  the  discharge  of  CO  is  increased  quickly 
and  the  discharge  of  CO  is  almost  same  when  oxygen  content  is  larger  than  4%.  Therefore,  the  discharge  of  CO 
can  be  lower  if  the  oxygen  content  of  the  flue  is  controlled  reasonably. 


02(%) 


0  2  4  6  8  10  12  14  16 


Oz(%) 


Fig.l2  Relation  between  the  O2  and  SO2 


Fig.l3  Influence  of  O2  on  CO 


5.  CONCLUSIONS 

Experimental  investigations  were  carried  out  to  study  the  combustion  behaviors  of  POS  and  residual  oil  through 
a  series  of  experiments  in  the  0.4MW  test  facility.  The  experimental  results  show  that  POS  with  40% 
concaitration  of  petroleum  coke  can  be  in  stable  combustion.  The  parameters  such  as  the  concentration  of  POS, 
oxygen  content,  load  and  heating  temperature  of  POS  will  have  influence  on  the  combustion  efficiency  of  POS. 
The  40%  of  POS  will  be  feasible  for  industrial  application.  The  oxygen  content  should  be  controlled  in  specified 
ranges  when  POS  is  burned  in  diamber.  In  addition,  the  heating  tempa-ature  of  POS  should  be  controlled  in 
160°C  The  experimental  data  of  preparation,  transportation,  heating,  atomizing  and  combustion  for  POS  will  be 
basis  on  industrial  amplif^ng  design,  and  this  will  give  the  operating  parameters  for  industrial  experiments  of 
POS. 
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ABSTRACT.  The  self-excited  precessing  jet  (PJ)  nozzle  has  been  the  subject  of  research  and  development  for 
industrial  applications  since  the  discovery  of  naturally  occurring  precession  of  a  Jet  partially  confined  in  a 
relatively  large  chamber  [1].  In  this  paper  we  first  report  how  the  nozzle  chamber  length  and  the  Jet  inlet 
Reynolds  number  influence  the  frequency  (fp)  of  Jet  precession  and  then  seek  a  method  of  forming  an 
appropriate  Strouhal  number  of  the  precession  which  can  effectively  describe  turbulent  mixing  in  the  flow 
downstream  from  the  nozzle. 


1.  INTRODUCTION 

Jet  precession  is  the  rotational  motion  of  the  entire  Jet  with  respect  to  an  axis  other  than  the  Jet's  own  centreline. 
Luxton  &  Nathan  [1]  discovered  the  naturally-occurring,  or  self-excited,  precession  of  a  Jet  within  an 
axisymmetric  nozzle  chamber  (see  Fig.  1).  This  motion  is  a  result  of  the  breakdown  of  initial  symmetry  of  Jet 
due  to  some  natural  instability  under  specific  conditions  [2].  The  precessing  Jet  (PJ)  flow  has  recently  found 
application  in  industrial  burners.  Full-scale  installations  of  commercial  gas-firing  PJ  burner  systems  in  rotary 
kilns  used  in  the  process  industries  have  consistently  demonstrated  that  NO^  emissions  are  reduced  by  typically 
50%  with  fuel  savings  of  about  5%,  relative  to  the  flames  from  the  burners  they  replaced,  e.g.  [3-5]. 

The  PJ  burner  technology  has  been  under 
large-scale  development  since  1990  through  a 
collaborative  research  and  development 
program  between  the  University  of  Adelaide, 

Australia,  and  Fuel  &  Combustion 
Technology  International.  The  ongoing 
program  includes  work  on  the  flow  inside  the 
nozzle  chamber  which  generates  the 
precession  and  outside  the  chamber  in  the 
region  where  combustion  occurs  [6,7].  In 
addition,  a  parallel  investigation  of  the  effects 
of  precession  on  the  mixing  characteristics  of 
a  round  Jet  whose  precession  is  driven 
mechanically  under  controlled  conditions  [8- 
11].  A  key  finding  of  this  work  is  that  the 
Strouhal  number  of  precession  and  the  Jet  exit 
angle  is  a  controlling  parameter  of  the  flow 
mixing.  However,  it  is  not  appropriate  to 
relate  mixing  characteristics  of  the  flow 
which  emerges  from  the  mechanical  nozzle  to 
those  from  the  fluidic  nozzle.  This  is  mainly 
due  to  the  lack  of  a  proper  definition  of  the  precession  Strouhal  number  for  the  latter  case.  The  reason  for  the 
lack  is  that  the  effect  of  the  fluidic  nozzle  geometry  on  the  precession  frequency  has  yet  to  be  thoroughly 
investigated  and  also  that  the  Strouhal  numbers  previously  defined  (e.g.  [2,7])  are  based  only  on  the  Jet  inlet 
conditions  and  the  chamber  dimensions  which  cannot  describe  the  flow  downstream  from  the  chamber  outlet. 

The  present  work  aims  to  address  the  above  lack.  For  this  purpose,  we  will  first  report  how  the  chamber  length 
and  the  Jet  inlet  Reynolds  number  influence  the  frequency  (fp)  of  Jet  precession.  Then,  the  precession  Strouhal 
number  in  conjunction  with  the  outlet  conditions  of  the  chamber  will  be  sought  for  the  study  of  turbulent  mixing 
characteristics  in  the  flow  downstream  from  the  nozzle.  This  work  is  an  onset  of  the  research  program  which  is 
proposed  to  investigate  both  turbulent  mixing  and  flame  characteristics  of  the  self-excited  precessing  Jet. 


Inlet  Chamber 


Fig.  1.  Sketch  of  a  PJ  nozzle  with  relevant  notations  and 
definitions 
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2.  EXPERIMENTAL  DETAILS 


The  experimental  facility  includes  a  plenum 
chamber  to  which  various  nozzles  can  be 
attached  (se6  Nathan  et  al.  [2]  for  more 
details).  The  plenum  is  supplied  with  filtered 
and  compressed  air  at  pressures  of  up  to  500 
kPa  at  the  room  temperature.  The  jet  exit 
velocity  can  be  varied  by  changing  the 
plenum  pressure.  The  configuration  of  the  PJ 
nozzle  is  shown  in  Fig.  1.  In  the  figure,  dj 
represents  the  inlet  diameter,  D  the  chamber 
diameter,  L  the  chamber  length,  Lc  the 
distance  between  the  inlet  exit  and  the  centre- 
body,  dc  the  centre-body  diameter,  Sc  the 
distance  between  the  centre-body  and  the 
chamber  exit  lip,  and  d2  the  chamber  outlet 
diameter.  Three  different-sized  PJ  nozzles 
were  used  for  the  study;  their  chamber 
diameters  are  13.4  mm,  26.6  mm  and  47.5 
mm,  respectively.  The  dimensions  di,  L,  Lc 
and  the  Reynolds  number  Rci  s  Uidi/v  can  be 
varied  (within  limit)  in  each  nozzle.  The 
precession  frequency  fp  was  measured  using  a 
5  pm  tungsten  wire  positioned  near  the 

chamber  outlet.  The  wire  was  operated  by  in-  .  .  « 

house  constant  temperature  circuit  with  an  overheat  ratio  of  1.5.  The  signal  from  the  circuit  was  offset, 
amplified  and  then  taken  by  a  spectrum  analyzer  (HP3582A).  For  some  cases,  the  signals  were  digitised  using  a 
16  channel,  12-bit  A/D  converter  on  a  personal  computer. 

3.  EFFECTS  OF  CHAMBER  LENGTH  AND  REYNOLDS  NUMBER 

Fig.  2  shows  the  dependence  of  the  precession  frequency  fp  on  L*  =  hJD  (with  a  centre-body)  and  L*  =  L/D 
(without  a  centre-body).  Experimental  conditions  for  the  measurements  are  given  in  the  figure  caption.  Clearly, 
fp  increases  linearly  as  L*  increases  over  a  certain  range  of  L*.  This  feature  applies  to  all  PJ  nozzles  tested  here 
and  elsewhere  and  is  thus  generic. 

Fig.  3  shows  the  dependence  of  fp  on  the  Reynolds  number  Rei,  where  Rei  was  varied  by  changing  the  inlet  jet 
velocity  Uj  for  each  nozzle.  The  experimenUl  conditions  are  given  in  the  figure  caption.  For  each  PJ  nozzle,  fp 
increases  with  Rei  or  U,.  As  viewed  from  the  six  data  sets,  this  variation  appears  linear  and  may  be 
approximated  by  fp  =  Co  +  CiRei,  where  Co  and  Ci  are  experimental  constants.  These  constants,  as  indicated  in 
Fig.  3,  depend  strongly  on  the  jet  inlet  geometry  and,  especially,  the  chamber  size  (D).  That  is,  they  are  different 
from  nozzle  to  nozzle.  Interestingly,  when  the  47.5  mm  nozzle  was  with  a  smooth  contraction  inlet  but  without  a 
centre-body  and  the  outlet  lip,  the  best-fitted  line  of  the  data  points  approaches  to  the  origin  of  the  coordinates, 
i.e.  Co  =  0.  If  it  is  the  case  for  all  PJ  nozzles  without  a  centre-body  and  lips,  then  the  scaled  precession  frequency 
may  form  a  constant  Strouhal  number  defined  by  St  s  fplp/U i  when  an  appropriate  length  scale  Ip  is  chosen. 

4.  PREVIOUS  DEFINITIONS  FOR  Sf  AND  EXPERIMENTAL  DATA 

Nathan  &  Luxton  [6]  defined  the  Strouhal  number  (St;)  of  jet  precession  based  on  the  conditions  at  the  inlet  to 
chamber.  They  chose  the  height  of  the  expansion  step,  (D-di)/2,  and  the  inlet  jet  initial  velocity  Ui,  for 
configurations  with  a  narrow  range  of  chamber  lengths,  i.e. 

fpi(D-d.)  (1) 

=  U. 


Fig.  2.  Dependence  of  fp  on  L  or  Lp.  •:  D  =  13.4 
mm.  di/D  =  0.19,  di/D  =  0.86  &  Rei  = 
25000;  t)t:  47.5  nun,  0.194,  1  &  65000; 
O:  26.6  nun,  0.19, 0.82,  &  75000. 
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St  =  fp((D^di)/2!/U  I 


10-5Rei  10-5Rei 

Fig.  3.  Effect  of  Rei  on  fp.  (a)  Orifice-type  inlet  (Lc/D  =  2.2):  =,  D  = 

13.4  mm;  O,  26.6  mm.  (b)  Smooth  contraction  inlet:  = 

(Lc/D  =  2.2),  26.6  mm  and  with  inlet-lip;  V  (Lc/D  =  2.2), 

26.6  mm  and  no  inlet-lip;  (L/D  =  2.32)  and  +  (L/D  = 

2.49),  47.5  mtn  and  no  lips. 

Transposing  the  fp  data  from  Fig.  3,  we  obtained  six  data  sets  for  the  Strouhal  number  St;  against  the  Reynolds 
number  Rei,  which  are  plotted  in  Fig.  4.  It  is  demonstrated  that,  for  the  47.5  mm  nozzle  with  no  centre-body  and 
no  exit-lip,  Sti  is  nearly  constant  (=  0.0045)  and  independent  of  Rej.  By  comparison,  it  decays  slowly  as  Rei 
increases  for  the  other  two  nozzles  with  a  centre-body  and  the  exit-lip.  Further,  since  fp  depends  strongly  on  L* 
(Fig.  2),  the  St  defined  by  (1)  should  be  a  function  of  L*.  This  is  confirmed  in  Fig.  5.  Surprisingly,  however,  the 
data  from  the  different  nozzles  lie  well  along  the  line  St  =  0.0037L*  -  0.(X)46. 


Fig.  4.  Dependence  of  the  Strouhal  Fig.  5.  Dependence  of  St,  on  L*,  defmed  by 

number  St;  on  Rei.  Eq.  (1)  and  Eq.  (3). 
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St  =  lp[(D-di)/2]Ui' 


Hill  et  al  [7]  observed  a  large  scattering  of  the  values  of  the  precession  Strouhal  number  which  is  based  on  the 
characteristic  dimensions  U  =  (D-d,)/2  [i.e.  definition  (1)],  1„  =  d,  and  lo  =  D  for  several  different  PJ  flows  fully 
confined  within  long  ducts.  This  observation  led  them  to  seek  other  more  appropriate  length  scales  for  the 
estimate  of  St.  They  used  the  initial  momentum  M  of  jet  as  the  basis  for  the  scaling  of  fp,  defining 

f.VpD'  ■  (2) 

Vm 

Definition  (2)  provided  a  good  collapse  of  the  Sti  data  obtained  from  the  fiilly  confined  PJ  flows.  It  should  be 
noted  that  the  length  (L)  of  those  very  long  ducts  is  no  longer  a  factor  influencing  fp  of  the  jet,  implying  that  Stj 
is  not  dependent  on  L.  However,  this  scaling  has  yet  to  be  checked  for  the  PJ  from  a  fluidic  nozzle  sketched  in 
Fig.  1,  for  which  L  and/or  U  are  critical  in  determining  fp.  Note  that  the  definition  (2)  is  equivalent  to 


since  m  =  pUf(7td,'  /4)  •  The  data  for  this  Sti  are  also  presented  in  Fig.  5.  As  expected,  similar  to  the  St; 
defined  by  (1),  this  Stj  also  has  strong  dependence  on  the  effective  chamber  length. 

5.  PROPOSED  DEFINITIONS  OF  St  FOR  DOWNSTREAM  TURBULENT  MIXING 


The  previous  definitions  of  the  precession  Strouhal  number  may  be  appropriate  for  the  study  on  the  flow  within 
the  chamber.  However,  they  are  inappropriate  for  characterising  the  turbulent  mixing  of  the  PJ  flow  downstream 
from  the  nozzle  since  they  do  not  use  the  local  characteristic  length  scale  (I2)  and  velocity  scale  (U2)  at  the  outlet 
plane  of  the  nozzle  chamber  (see  Fig.  6).  To  study  mixing  characteristics  of  the  PJ,  the  “external”  Strouhal 
number  of  precession  should  be  defined,  see  Fig.  6,  as 


Fig.  6:  Proposed  definition  of  the  precession  Strouhal  number  along  with  a  sketch 


(4) 


However,  the  scales  h  and  U2  are  difficult  to  measure  by  experiment.  Under  this  situation,  we  will  seek  to 
advance  understanding  by  exploring  analytical  expressions  of  (4). 

For  a  free  jet,  with  the  initial  diameter  di  and  velocity  U\,  the  jet  half-width  Ria  and  the  centreline  mean  velocity 
Uc  in  the  flow  region  sufficiently  far  downstream  from  the  exit  are  expected  to  satisfy  the  relations 


where  L  is  the  distance  from  the  virtual  origin.  When  the  jet  is  initially  confined  in  a  chamber  over  the  distance 
L,  these  relations  will  be  modified.  Accordingly,  it  is  logic  by  the  dimensional  analysis  to  propose  that,  for  the 
PJ  shown  in  Fig.  6, 
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With  (5)  and  (6),  we  can  specify  the  definition  (4)  by 


St. 


fpd.  r  L  r 

u.  [dj 


(7) 


Based  on  the  fact  that,  in  the  far  field,  a  confined  jet  develops  downstream  at  a  lower  spreading  rate  and  a  higher 
decaying  rate  than  does  a  free  jet,  we  expect  that  the  exponents  ni  <  1  and  rii  >  1.  It  follows  that  the 
approximation  («i+«2)  =  2  may  be  reasonable,  although  it  should  be  determined  by  experiment.  This  results  in 
the  following  expression 


(8) 


Eq.  (8)  implies  that  the  Stg  depends  strongly  on  the  chamber  length  (L)  of  PJ  nozzles.  The  experimental  result  of 
this  Ste  against  L  is  shown  in  Fig.  7,  which  is  transposed  from  the  fp  data  presented  in  Fig.  2. 

6.  DISCUSSION 


We  have  examined  the  effect  of  the  nozzle 
chamber  length  (L)  and  the  jet  inlet  Reynolds 
number  {Re{)  or  velocity  (Ui)  on  the  jet 
precession  frequency  (fp).  It  is  shown  that  fp 
increases  approximately  linearly  as  f/i  or  L*  = 
L/D  (no  centre-body)  or  L*  =  L/D  (with  a 
centre-body)  increases.  On  the  basis  of  this 
information,  previous  definitions  of  the 
precession  Strouhal  number,  i.e.  (1)  and  (3), 
have  been  tested.  As  shown  in  Fig.  5,  there  is 
strong  dependence  of  those  Strouhal  numbers 
on  L*.  Since  definitions  (1)  and  (3)  for  Sr,  are 
not  appropriate  for  the  study  of  turbulent 
mixing  downstream  from  the  nozzle,  we  have 
scaled  the  precession  frequency  ^  in  a 
different  way  and  formed  the  Strouhal  number 
Ste  defined  by  (7)  and  (8). 


L’^L/D  or  Lp/D 


Using  a  mechanical  precessing  jet  (MPJ),  Fig.  7:  The  L*-dependence  of  Ste  defined 

Schneider  [8]  and  Mi  et  al.  [9,10]  have  by  (8). 

clarified  that  the  precession  Strouhal  number 

St  is  a  controlling  factor  in  determining  the  downstream  development  and  mixing  characteristics  of  the 
mechanical  precessing  jet  (MPJ).  In  the  regime  of  high  St  (when  St  >  the  critical  value  St^r),  the  MPJ  has 
significantly  different  features  from  those  for  St  <  St^-  This  difference  is  also  reflected  in  the  MPJ  flame  [12]. 
However,  the  similar  studies  have  yet  to  be  conducted  on  the  naturally  precessing  jet,  due  to  the  lack  of  a 
definition  of  Ste  in  the  past.  With  the  definition  (8)  of  Ste,  we  have  planned  to  investigate  the  effects  of  Ste  and 
other  parameters  such  as  Reynolds  number  on  turbulent  mixing  characteristics  in  the  PJ  flow  and  on  the  PJ 
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flame  characteristics.  Fig.  7  suggests  that  this  Ste  can  be  varied  from  0.01  to  0.15  by  changing  the  chamber 
length  between  1.6Z)  and  3.0D. 
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ABSTRACT.  During  fluidized-bed  combustion  of  coal,  nitrogen  in  coal  (  coal-N  )  is  divided  into  volatile 
nitrogen  (volatile-N)  and  char  nitrogen  ( char-N ).  which  both  make  a  contribution  to  N2O  formation.  “Coal  /  char 
respective  combustion  experiment”  is  one  of  methods  researching  the  relative  contribution  of  volatile-N  and  char- 
N.  Its  main  points  are  that  two  combustion  experiments  for  coal  and  char  prepared  from  the  same  coal  are 
respectively  performed  to  determine  the  contribution  of  coal-N  and  char-N,  and  the  difference  in  contribution 
between  both  of  them  is  taken  as  that  of  volatile-N,  then  the  relative  contribution  is  calculated.  In  this  paper,  the 
method  is  discussed  in  experimental  technique  and  calculation  of  relative  contribution.  The  char' s  properties  and 
the  distribution  of  coal-N  between  volatile-N  and  char-N  can  strongly  be  influenced  by  devolatilization 
temperature.  The  percentage  of  coal-N  retained  in  char  can  decrease  with  increasing  devolatilization  temperature. 
Therefore,  the  char  prepared  at  one  given  temperature  is  different  from  those  prepared  at  other  ones  which  are 
lower  or  higher  than  the  given  one.  So  the  former  char  cannot  take  the  place  of  the  latter  chars  to  be  used  in 
combustion  experiment  at  other  temperatures,  and  the  temperature  for  char  preparation  should  be  the  same  as  that 
for  coal  /  char  combustion  experiment.  The  equipment  for  char  preparation  has  notable  influence  on  char' s 
characteristics.  Hence,  the  equipment  for  coal  /  char  combustion  should  exactly  be  the  same  one  as  that  for  char 
preparation.  It  is  demonstrated  that  the  difference  between  percent  conversion  of  coal-N  and  that  of  char-N  could 
not  be  regarded  as  that  of  volatile-N.  For  the  cases  in  which  more  than  90%  of  N  in  coal  remains  in  char,  the 
converted  amount  and  percent  conversion  of  N  in  char  formed  during  coal  combustion  are  larger  than  those  of  N  in 
char  prepared  by  coal  pyrolysis  and  the  latter  char  cannot  be  representative  of  the  former  one. 

1.  INTRODUCTION 

N2O  (nitrous  oxide)  is  a  kind  of  atmospheric  pollutant  which  can  both  enhance  the  greenhouse  effect  and  deplete 
the  ozone  layer.  During  coal  combustion,  especially  fluidized-bed  combustion  of  coal  at  lower  temperature  of 
8(X)~900”C,  a  large  amount  of  N2O  can  be  emitted.  Hence,  much  research  work  [1-3]  on  N2O  emission  from 
fluidized  bed  (FB)  have  been  undertaken  >  and  the  source  and  formation-decomposition  mechanism  of  N2O  as 
well  as  various  factors  influencing  the  amount  of  N2O  formed  are  understood  to  a  large  extent. 

Research  on  mechanism  of  N2O  formation  during  fluidized-bed  combustion  of  coal  showed  that  N2O  is  formed 
from  nitrogen  (  N  )  in  coal  through  a  series  of  chemical  reactions.  During  coal  combustion,  the  evolution  and 
combustion  of  volatiles  in  coal  occur  first,  and  then  the  char  bums.  Part  of  nitrogen  in  coal  (coal-N)  is  released  as 
volatile  (  volatile-N )  and  the  rest  remain  in  char  (  char-N ) .  N2O  can  be  produced  from  both  volatile-N  (HCN  and 
NH3 )  through  homogeneous  gas-phase  reactions  and  char-N  through  heterogeneous  gas-solid  reactions.  Hence, 
both  volatile-N  and  char-N  make  a  contribution  to  N2O  formation.  Some  researchers  [4-8]  thought  that  most  of 
N2O  are  produced  from  volatile-N,  but  others  [9,  10]  thought  that  the  contribution  of  char-N  is  larger  than  that  of 
volatile-N.  In  these  literatures,  there  are  no  unified  experimental  and  assessment  methods.  Each  researcher  carried 
out  experiment  and  data  processing  using  the  methods  which  they  thought  to  be  reasonable  ones.  According  to 
experimental  technique,  the  methods  used  in  available  literatures  can  be  classified  as  two  types:  “  coal  /  char 
respective  combustion  experiment”  and  “batch  combustion  experiment”  .  In  the  former  method,  two 
combustion  experiments  for  coal  and  char  prepared  from  the  same  coal  are  respectively  carried  out  to  determine 
the  contributions  of  coal-N  and  char-N,  and  the  difference  between  both  of  them  is  taken  as  that  of  volatile-N,  then 
the  relative  contribution  is  calculated  and  assessed.  This  method  is  used  in  literatures  [4-7,  10]  .  In  the  latter  one, 
a  batch  of  coal  is  once  only  fed  into  a  bed  for  combustion  experiment  and  an  appropriate  indication  is  chosen  to 
distinguish  the  volatile-burning  stage  from  char-burning  one.  The  contribution  from  each  stage  to  N2O  formation 
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is  used  for  assessing  the  relative  contribution  of  volatile-N  and  char-N.  This  method  is  used  in  literatures  CS,  9  J  . 
Pels  et  al  [6]  thought  that  interaction  between  heterogeneous  and  gas-phase  pathway  are  unlikely  and 
conversions  of  volatile-N  and  char-N  can  be  assumed  to  be  independent  processes.  Therefore  coal  /  char 
respective  combustion  experiment  is  not  unreasonable.  Tullin  et  al  [9]  thought  that  in  coal  combustion 
experiment  with  continuous  coal  feed,  the  volatile  and  char  reactions  will  simultaneously  occur  and  secondary 
reactions  between  volatile  and  char  can  be  expected.  Hayhurst  and  Lawrence  [  8  ]  doubted  that  whether  the  char 
prepared  by  coal  pyrolysis  can  truly  be  representative  of  that  formed  during  coal  combustion.  Thus  it  can  be  seen 
that  there  are  dilferent  viewpoints  about  the  coal  /  char  respective  experiment  method.  But  analysis  and  discussion 
on  this  method  has  not  been  found  in  available  literatures  so  far. 

Research  on  the  relative  contribution  of  volatile-N  and  char-N  to  N2O  formation  is  valuable  for  understanding  N2O 
formation  mechanism  and  developing  effective  technology  to  decrease  the  N2O  emission,  while  reasonable 
experimental  and  calculating  method  is  very  important  for  assessing  correctly  the  relative  contribution.  The 
purpose  of  this  paper  is  to  discuss  the  method  in  several  aspects  including  experimental  technique  and  calculation 
of  relative  contribution  with  the  help  of  experimental  data,  by  way  of  calculation  and  demonstration. 

2.  MAIN  POINTS  OF  THE  METHOD 

The  main  points  of  coal  /  char  respective  experiment  include:  char  preparation,  coal  /  char  combustion 
experiments  and  assessment  of  relative  contribution. 

Char  Preparation 

Original  coal  is  fed  into  pyrolysis  equipment  and  is  heated  for  devolatilization  at  one  given  temperature  and  in 
inert  atmosphere  (N2  or  Ar)for  a  given  time  with  the  result  that  char  is  prepared.  Moreover,  the  char  is  thought  to 
be  able  to  represent  that  formed  during  coal  combustion. 

Combustion  Experiment 

Combustion  experiments  for  coal  and  char  are  performed  respectively.  Coal  or  char  is  continuously  fed  into 
fluidized-bed  combustor  (  FBC  )  and  combustion  experiments  are  performed  at  some  temperature  points  over  a 
wide  range  of  temperature.  The  effluent  gases  are  sampled  and  analyzed  to  determine  the  amounts  of  N2O  formed 
during  coal  or  char  combustion.  The  results  of  char  combustion  experiment  is  thought  to  be  able  to  reflect  the 
contribution  of  char  formed  during  coal  combustion. 

Assessment  of  Relative  Contribution 

Assessment  can  be  done  through  either  comparison  between  concentrations  of  N2O  produced  from  coal  and  char 
combustion  [7  ]  or  calculation  using  data  of  percent  conversions  of  coal-N  and  char-N  [4, 5, 6]  . 

Assessment  thrniif^h  comparison  between  N7O  concentrations.  Concentrations(ppm)  of  N2O  formed  from 
coal  /  char  combustion  experiments  are  measured  respectively.  The  difference  between  the  two  concentrations  is 
regarded  as  that  from  volatile-N.  The  ratio  (%)  of  concentration  of  N2O  during  char  combustion  to  that  during  coal 
combustion  is  thought  to  be  the  relative  contribution  of  char-N.  Similarly,  the  ratio  of  concentration  of  N2O  from 
volatile-N  to  that  during  coal  combustion  is  taken  as  the  relative  contribution  of  volatile-N. 

Assessment  through  calculation  using  percent  conversions.  The  percent  conversion  of  coal-N  or  char-N,  i.e. 
the  ratio(%)  of  amount  of  nitrogen  converted  to  N2O  to  that  of  nitrogen  in  coal  or  char,  is  calculated  respectively. 
The  difference  between  the  two  percent  conversions  is  regarded  as  the  percent  conversion  of  volatile-N  and  is 
calculated  using  Eq.(l): 

Fv=fcoaI-fc 

where  fr  is  the  percent  conversion  of  volatile-N  (%)  ,  f^d  is  the  percent  conversion  of  coal-N  (%)  ,  and  fc  is  the 
percent  conversion  of  char-N  (%).  The  relative  contribution  of  char-N  and  volatile-N  can  respectively  be 
calculated  using  Eqs  (2)  and  (3): 

Cchar  =  fc  !  fcoal 
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(3) 


C  =f  /f 

V_^vm  —  iv  '  Af 


coal 


where  Ccharand  C™  are  the  relative  contribution  of  char-N  and  volatile-N  (%),  respectively. 

Substitute  Eq.(l)  into  Eq.(3)  >  we  can  obtain 

Cvm  =  (  f  coal-  f  c)  /  f  coal=  1'  fc  /  f  coal=  1*  C  char  (4) 

Eqs(5)  and  (6)  are  used  in  literature  [  lO]  for  calculating  relative  contribution : 

C  '  ^char 

char—  wl 

^coal  '  ^coal 

Cym —  1“  Cchar 

where  Ncoai  and  Nchar  are  nitrogen  content  in  coal  and  in  char,  but  dimension  of  them  are  not  given  in  literature 

[10]. 


3.  DISCUSSION  ON  THE  METHOD 


On  Experimental  Technique 

On  experimental  temperature.  It  can  be  noticed  from  main  points  mentioned-above  that  in  char  preparation 
the  process  of  coal  pyrolysis  (devolatilization)  is  conducted  at  one  given  temperature,  but  combustion  experiments 
for  coal  and  char  are  performed  over  a  wide  range  of  temperature.  The  temperature  values  of  char  preparation  and 
coal  /  char  combustion  experiments  quoted  from  some  literatures  are  presented  in  Table  1.  It  can  be  found  from 
Table  1  that  temperatures  in  char  preparation  are  much  different  from  those  in  combustion  experiments  and  the 
largest  difference  is  as  high  as  400K  [  7  ]. 


Table  1.  Experimental  Temperatures  and  Equipments  for  Char  Preparation  and  Coal  /  Char  Combustion 


literature 

temperature  [K] 

equipment 

char  coal  /  char 

preparation  combustion 

char  coal  /  char 

preparation  combustion 

[4] 

1073 

923—1273 

FBC 

FBC 

[5] 

1148 

1048—1148 

d>30cmFB 

0 10cm  FB 

[6] 

1073 

973—1273 

FB  pyrolyser 

FBC 

1173 

973—1273 

tube  furnace 

FBC 

[7] 

1373 

973—1173 

FB  reactor 

FBC 

[10] 

1123 

973—1273 

FBC 

FBC 

Research  results  [7,  11,  12]  in  recent  years  indicated  that  temperature  in  char  preparation  has  significant 
influence  on  N  content  in  char,  the  distribution  of  coal-N  between  volatile-N  and  char-N  as  well  as  amount  of 
N2O  formed  from  char.  Hayhurst  and  Lawrence  [12]  found  that  the  temperature  of  fluidized-bed  is  one 
parameter  with  the  largest  effect  on  the  amounts  of  N  in  the  resulting  char.  The  higher  the  temperature  of  bed  ,  the 
more  the  percent  of  coal-N  released  into  the  volatile.  It  is  also  observed  by  Gulyurtlu  et  al  [  7  ]  that  for  three 
kinds  of  coal  with  different  volatile  content,  the  percent  of  coal-N  remaining  in  char  after  devolatilization  will 
decrease  with  increasing  the  devolatilization  temperature,  as  shown  in  Fig.  1.  In  addition,  the  amount  of  N2O 
formed  has  a  close  relation  with  N  content  in  fuel  and  will  reduce  with  decrease  of  N  content  [  13]  .  Amounts  of 
N2O  formed  from  chars  which  are  prepared  from  the  same  coal  at  different  char  preparation  temperatures  are 
presented  in  Table  2.  It  can  be  seen  from  the  Table  that  for  the  same  kind  of  coal,  the  higher  the  char  preparation 
temperature,  the  less  the  amount  of  N2O  formed  from  the  char.  The  reason  is  that  the  higher  the  char  preparation 
temperature,  the  less  the  coal-N  retained  in  char;  and  the  lower  amount  of  char-N  can  result  in  the  less  amount  of 
N2O  from  char  combustion.  A  change  of  amount  of  N2O  formed  means  that  of  amount  of  char-N  converted  to 
N2O. 
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Table  2.  Amounts  of  N2O  Formed  from  Chars 
_ Prepared  at  Different  Temperatures 


char  preparation 
temperature  (’C) 

amounts  of  N2O  formed 
during  combustion  at 

800 °C  and  900 'C  (ppm) 

800“C 

900°C 

900 

68 

34 

1000 

59 

31 

1100 

52 

27 

1300 

41 

24 

*  Adapted  from  data  in  literature  [  7  ' 

Fig.  1  Effect  of  devolatilization  temperature 
on  proportion  of  fuel-N.  remaining  in 
char  prepared  from  different  coal 


In  addition,  other  properties  of  char,  such  as  porosity,  surface  area,  reactivity  as  well  as  ability  to  adsorb  and 
decompose  N2O,  can  also  differ  due  to  difference  of  char  preparation  temperature  and  can  influence  the 
conversion  of  char-N  and  formation  of  N2O. 

For  this  reason,  the  char  prepared  at  one  given  temperature  cannot  be  representative  of  those  prepared  at  other 
ones  which  are  lower  or  higher  than  the  given  one.  When  the  char  made  at  the  given  temperature  is  combusted  at 
other  ones  the  results  of  char  combustion  experiment  caimot  correctly  reflect  the  contribution  of  char  at  these 
temperatures.  Only  upon  condition  that  three  temperatures  for  char  preparation,  char  combustion  and  coal 
combustion  are  the  same,  the  char  prepared  can  be  comparable  to  that  formed  during  coal  combustion  and  the 
char' s  contribution  to  N2O  formation  at  each  experimental  temperature  can  reasonably  be  reflected.  Otherwise, 
not  only  can  diversity  in  char' s  properties  and  amount  of  N2O  formed  be  caused,  but  also  the  amount  of  char-N 
converted  to  N2O  and  assessment  result  of  char' s  contribution  can  be  influenced. 

On  experimental  equipment  From  Table  1  it  can  be  found  that  in  some  research  work  the  equipments  for 
char  preparation  are  not  the  same  one  as  that  for  coal/char  combustion  experiment  and  not  even  the  same  type. 
Research  results  [14]  indicated  that  for  the  chars  prepared  from  the  same  coal  type  and  at  the  same  pyrolysis 
temperature  but  in  different  experimental  equipments,  there  are  large  difference  in  their  properties  and  amounts  of 
N2O  formed  when  the  chars  are  burnt.  Table  3  presents  the  main  properties  of  two  chars  prepared  from  the  same 
coal  as  well  as  amounts  of  N2O  from  the  two  char's  combustion  experiments,  in  which  the  combustion  temperature 
was  1133K,  the  same  as  char  preparation  one.  It  can  be  seen  from  Table  3  that  two  chars  prepared  from  two 

Table  3.  Main  Properties  of  Two  Kinds  of  Chars  Prepared  in  Two  Different  Equipments  and  Amounts  of 


N2O  Formed 


coal/char 

char  preparation 
equipment 

Main  analysis 
result  (wt%) 

combustion  equipment 

mounts  of 
N2O  formed 
(ppm) 

N 

VM 

FC 

original  coal 

1.159 

17.48 

71.47 

char  A 

semi-industrial  raC 

1.2 

6.4 

80.3 

laboratory-scale  FBC 

67 

char  B 

laboratory-scale  FBC 

0.94 

4.8 

81.9 

laboratory-scale  FBC 

46 

different  fluidized-bed  equipments  were  significantly  different  in  contents  of  N,  volatile  matter  (  VM  )  and  fixed 
carbon  (FC)  as  well  as  amounts  of  N2O  formed.  For  char  A  and  char  B,  the  relative  derivation  of  N-and  VM- 
contents  and  amounts  of  N2O  formed  were  22%,  25%  and  46%,  respectively.  These  results  revealed  that  if  char 
was  prepared  in  different  equipments,  there  must  be  some  diversity  in  devolatilization  process  of  coal,  which  can 
cause  the  diversity  in  char's  properties.  Still  further,  the  conversion  of  char-N  and  amount  of  N2O  formed  would  be 
influenced  due  to  the  diversity  of  char's  properties.  Hence,  the  equiment  for  char  preparation  should  exactly  be  the 
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same  one  as  that  for  coal/char  combustion  experiment.  Only  in  this  way,  both  the  devolatilization  process  of  coal 
during  coal  pyrolysis  (char  preparation)  and  the  volatile  evolution  process  during  coal  combustion  could  conduct 
under  the  same  equipment  conditions  and  the  experimental  results  are  really  acceptable. 

On  Assessment  Method  of  Relative  Contribution 

On  comparison  between  concentrations.  This  method  deals  only  with  the  concentrations  (ppm)  of  N2O  in 
effluent  gas  without  relating  those  with  N  contents  in  coal  and  char,  but  N2O  concentration  is  related  to  amount 
of  N  fed  into  the  bed.  Under  otherwise  equal  conditions,  the  more  the  amount  of  coal-N  or  char-N  fed  into  the 
bed,  the  higher  the  concentration  of  N2O  formed.  Unless  the  amount  of  char-N  fed  with  char  in  char  combustion 
experiment  is  exactly  equal  to  that  in  char  formed  during  coal  combustion,  the  concentration  of  N2O  formed 
from  coal  combustion  have  no  relation  to  that  formed  from  char  combustion.  Certainly,  the  difference  between 
the  two  concentrations  cannot  be  representative  of  contribution  of  volatile. 

On  calculation  using  percent  conversions.  In  this  method,  the  percent  conversions  of  coal-N  and  char-N  are 
respectively  drawn  from  two  combustion  experiments,  and  the  percent  conversion  of  volatile-N  is  calculated  by  a 
difference  using  Eq.(l).  But  it  is  not  demonstrated  in  available  literatures  so  far  that  whether  the  difference  can  be 
representative  of  percent  conversion  of  volatile-N  and  whether  the  char  prepared  separately  by  coal  pyrolysis  can 
representative  of  that  formed  during  coal  combustion.  These  problems  would  be  discussed  here. 

During  coal  combustion,  N  in  coal  is  divided  into  volatile-N  and  char-N.  we  take  symbol  Ncoai  for  expressing  the 
amount  of  N  in  100  g  of  coal,  and  Fy  and  Fj.  for  expressing  the  distribution  coefficients  of  coal-N  between  volatile- 
N  and  char-N,  i.  e.  the  percentage  of  coal-N  released  as  volatile  (  volatile-N/coal-N)  and  that  retained  in  char 
(char-N/coal-N  )  ,  moreover,  Fy-i-Fc  =100%,  then  the  amounts  of  volatile-N  and  char-N  can  respectively  be 
expressed  as: 

Ny  =  Ncoai  Fy  (7) 

Nc  =  Ncoai  Fc  (8) 

where  Nyis  amount  of  voIatile-N  (g),  Nc  is  amount  of  char-N  (g). 

With  the  help  of  the  percent  conversions  ,  the  amounts  of  coal-,  char-  and  volatile-N  converted  to  N2O  can  be 
calculated  from: 


N  coal  —  Ncoai 


(9) 


Ny'  =Nyfy  (10) 

Nc'  =Ncfc  (11) 

where  N  coal  ^  is  amount  of  coal-N  converted  (g),  Ny'  is  amount  of  volatile-N  converted  (g),  and  Nc'  is  amount  of 
char-N  converted  (g). 


If  the  char  prepared  from  coal  by  pyrolysis  could  be  representative  of  that  formed  during  coal  combustion  with  the 
percent  conversion  of  the  latter  char  being  equal  to  that  of  the  former  one  (  f  c )  and  the  percent  conversion  of 
volatile-N,  fy,  could  also  be  calculated  from  Eq.(l),  after  substituting  Eq.(l)  into  Eq.(lO) ,  and  Eqs  (7)-  (8)  into 
Eqs(10)-(11),  respectively,  the  Ny'  andNj'  can  further  be  expressed  as: 


Ny' 

“  Ncoai  Fy  (  fcoal"  ) 

(12) 

Nc' 

”  Ncoai  Fc 

(13) 

Theoretically  speaking,  the  amount  of  coal-N  converted  to  N2O  should  be  equal  to  the  sum  of  amounts  of  volatile- 
and  char-N  converted  to  N2O,  i.  e. 
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Nv'  +Nc'  =Ncoal'  =Nco^  fcoal  ’ 

For  the  results  of  combustion  experiment  using  any  type  of  coal  and  char  made  from  that  coal,  the  Eq(14)  should 
be  correct. 


Main  results  of  combustion  experiments  for  two  coals  and  chars  prepared  from  the  same  coals  are  offered  in  Table 
4,  in  which  Fv ,  Fe ,  fcoal  and  fr  are  included.  Using  Eqs  (9),  (12),  (13)  and  data  in  Table  4  and  taking  100  g  of  coal 
on  a  weight  basis,  the  amount  of  coal-N  (  Ncoai ),  distribution  of  coal-N  between  volatile-N  and  char-N  (  Nv  and 
Nc)  and 


Table  4.  Mai"  Experimental  Data  of  Two  Coals  and  Chars'^ 


Coal  type 

N  content  in  coal 
(wt%  daf) 

percent  of  coal-N 
released  as  volatile 
Fv(%) 

percent  of  coal-N 
retained  in  char 
Fc(%) 

percent  conversion  of 
fuel-N  (%) 

Icoal 

^(D 

Iv 

DEIO 

1.4 

5.3 

94.7 

33.1 

11.6 

21.5 

DE53 

0.6 

23.2 

76.8 

10.9 

1.6 

9.3 

®Data  from  literature[  4  ] ; 

(2)Data  at  combustion  temperature  of  1073K  which  is  the  same  as  the  char  preparation  temperature. 


(DCalculated  using  Eq.(l). 

amounts  of  fuel-N  converted  to  NjO  are  calculated  and  the  results  are  presented  in  Table  5.  It  can  be  seen  from 
Table  5  that  for  DE  10  coal,  amount  of  N  in  100  g  of  coal  is  1.4  g,  in  which  volatile-N  and  char-N  account  for 
0.074  g  and  1.  326  g,  respectively.  It  can  be  calculated  that  the  sum  of  amount  of  char-N  converted  and  that  of 
volatile-N  converted  is  smaller  than  that  of  coal-N  converted,  i.e. 

Nv'  -hNc'  =  0.016 0.154  <  Ncoai'  =0.463 

For  DE53  coal,  similar  result,  Nv'  +  Nc'  =  0.013  +  0.007  <  Ncoai'  =  0.  065,  can  be  obtained. 

Calculated  results  of  other  four  types  of  coal  are  shown  in  Table  6,  in  which  the  sums  of  amounts  of  char  -  and 
volatile-N  converted  are  all  smaller  than  those  of  coal-N  converted,  as  is  the  cases  for  Table  5. 

Table  5.  Calculated  Results  of  Distribution  of  Coal-N  between  Volatile-N  and  Char-N  as  well  as  Amounts  of 


Fuel-N  Converted  to  N20(Based  on  100  g  of  Coal  Burnt) 


m:  u 

coal  type 

amount  of 
coal-N 

distribution  of 
coal-N 

amounts  of  fuel-N 
converted  to  N20(g) 

difference 

between 

Ncoai' and  Nc' 

Ncoai  (S) 

Nc(g) 

Nv(g) 

N.„y 

K' 

Nv' 

DEIO 

1.4 

1.326 

0.074 

0.463 

0.154 

0.016 

0.309 

DE53 

0.6 

0.461 

0.139 

0.065 

0.007 

0.013 

0.058 

Table  6.  Distribution  of  Coal-N  between  Char-N  and  VolatUe-N  as  well  as  Amounts  of  Fuel-N  Converted  to 
_ N2O  (Based  on  100  g  of  Coal  Burnt) _ _ _ — — ^ - - 


coal  type 

amount 

of 

coal-N 

percent  of 
coal-N 
retained  in 
char  (%) 

distribution  of 
coal-N 

amounts  of  fuel-N 
converted  to  N2O 

difference 
between  N 
coal  and 

Ncoai  (E) 

Nc 

Nv 

N  coal 

Nc' 

Nv' 

Nc 

BE30 

1.7 

98 

1.666 

0.034 

0.292 

0.062 

0.005 

0.230 

GB04 

0.9 

96 

0.864 

0.036 

0.189 

0.138 

0.002 

0.051 

DE38 

1.7 

82 

1.394 

0.306 

0.255 

0.046 

0.036 

0.209 

AU52 

0.9 

72 

0.648 

0.052 

0.045 

0.010 

0.002 

0.035 

a)  Original  data  are  from  literature  [6]  with  the  percent  conversion  omitted. 

b)  Calculating  methods  are  the  same  as  those  in  Table  5. 
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Whether  the  sum  of  N^'  and  N^'  is  always  smaller  than  A^coai'  for  any  type  of  coal  ? 

Adding  up  Eq.(12)  and  Eq.(13),  we  can  have 

Ny'  +  Nc '  =  Njoal  Fy  (  fcoal  '  fc  )  +  f; 

=  Ncoal  fcoal  [  Fy  (  1  “  fc  /fcoal  )  +  Fc  fc  /fcoal  ] 

From  formula  above,  it  can  be  found  that  only  when  [  Fy  (  1  -  fc  /fcoai )  +  Fc  fc  /fcoai  ]  =  1 ,  the  equation, 

Ny'  +  Nc '  =  Ncoa  1  fcoal  =  N  coal '  .  could  be  obtained. 

Because  0  <  fc/ f  coai  <  1  and  0  <  (  1-  fc /  fcoai )  <  1 
Therefore  [Fy  (1-  fc  /  f  coai )  +  Fc  fc  /  fcoai  ]  <  Fy+  Fc  =  100% 
i.  e.  [Fy(l- fc/f  coal  )  +  Fcfc/ fcoal]  <  1 

so  that  Ny'  +Nc'  <Ncoai' 

Demonstration  above  shows  that  the  sum  of  amounts  of  volatile-and  char-N  converted  is  always  smaller  than 
that  of  coal-N  converted,  whatever  the  coal  type  is.  Synthesizing  above-mentioned  results  in  Tables  5  and  6  as 
well  as  mathematical  demonstration,  the  Eq.(l)  could  not  be  considered  to  be  an  accurate  formula  for 
calculation  of  the  percent  conversion  of  volatile-N. 

From  Table  5,  it  can  still  be  seen  that  for  DEIO  coal,  the  difference  between  amount  of  coal-N  converted  and 
that  of  char-N  converted,  i.e.  N  coai'  -  Nc'  ,  is  0.309  g.  However,  the  amount  of  volatile-N,  Ny ,  is  only  0.074g. 
Even  if  all  of  it  can  be  converted  to  N2O,  the  amount  converted  is  still  smaller  than  the  difference.  Therefore,  in 
addition  to  the  volatile-N's  contribution  to  the  difference,  there  must  be  a  contribution  from  char-N,  which 
should  be  more  than  0.235(0.309-0.074).  Hence,  for  DEIO  coal,  the  actually-converted  amount  of  N  in  the  char 
formed  during  coal  combustion  is  far  from  being  only  equal  to  0.154  and  must  be  larger  than  0.389  ( 
0.154-1-0.235  )  ;  Similarly,  the  percent  conversion  of  N  in  the  char  is  also  larger  than  29.3%  (  0.389/1.326  ) ,  not 
to  be  only  equal  to  1 1 .6%  ( the  fc  in  Table  4 ). 

Similar  to  DEIO  coal,  for  BE30  and  GB04  coal  in  Table  6,  the  differences  between  amounts  of  coal-and  char-N 
converted  are  also  larger  than  the  amounts  of  N  in  volatiles,  hence  the  converted  amounts  of  N  in  the  char  formed 
during  coal  combustion  are  also  larger  than  those  of  N  in  the  char  prepared  by  coal  pyrolysis.  It  can  be  noticed 
from  Tables  4  and  6  that  for  the  three  coals,  DEIO,  BE30  and  GB04,  percents  of  coal-N  retained  in  chars  are  all 
more  than  90%,  with  less  than  10%  of  coal-N  released  as  volatile.  Therefore,  we  could  consider  with  reason  that 
when  most  of  coal-N  is  distributed  to  char,  the  converted  amount  and  percent  conversion  of  N  in  char  formed 
during  coal  combustion  will  be  more  than  those  of  N  in  char  prepared  from  coal  by  pyrolysis.  This  means  that  the 
char  prepared  separately  by  coal  pyrolysis  could  not  be  representative  of  that  formed  during  coal  combustion,  and 
Hayhurst  and  Lawrence's  doubt  as  to  the  reasonableness  of  the  former  char  in  place  of  the  latter  one  is  quite 
reasonable.  The  above  results  indicate  further  that  the  percent  conversion  of  volatile-N  >  fy ,  cannot  be  calculated 
using  Eq.(l). 


4.  COMPARISON  WITH  BATCH  COMBUSTION  EXPERIMENT 

From  above  discussion,  it  can  be  noticed  that  the  coal/char  respective  combustion  experiment  method  could  not  be 
thought  to  be  a  perfect  and  reasonable  one  in  both  experimental  technique  and  calculation  of  relative  contribution. 
The  present  authors  think  that  a  reasonable  experimental  technique  should  be  consistent  with  principles  below: 

a.  the  temperature  at  which  the  char  is  prepared  should  be  the  same  as  that  at  which  the  combustion 
experiments  for  coal  and  char  are  performed. 

b.  the  equipment  for  the  coal/char  combustion  experiment  should  exactly  be  the  same  one  as  that  in  which  the 
char  is  prepared. 

By  comparison,  “batch  combustion  experiment”  method  is  consistent  with  above  principles.  In  the  method,  the 
evolution  and  combustion  of  volatile  as  well  as  formation  and  combustion  of  char  conduct  continuously  in  the  same 
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FB  equipment  and  under  the  same  operating  conditions,  without  the  necessity  for  coal/char  respective  combustion 
and  without  dealing  with  the  reasonableness  of  char  prepared  by  coal  pyrolysis  in  place  of  that  formed  during  coal 
combustion.  The  key  to  this  method  is  how  to  the  most  reasonably  distinguish  volatile-burning  stage  from  char- 
burning  one.  In  addition,  the  coal  feed  way  in  which  a  batch  of  coal  is  fed  into  bed  is  different  from  that  in  which  coal 
is  continuously  fed  into  bed  in  actual  boiler  operation.  It  needs  to  be  further  studied  how  to  deal  with  the  diversity. 

It  should  be  added  that  in  available  literatures,  the  equipment  used  for  combustion  experiment  are  all  the  bubbling 
fluidized-bed  (  BFB  )  ,  without  circulating  fluidized-bed  (  CFB  )  being  used  for  experiment.  Related  experiment 
results  [15]  showed  that  for  the  same  coal  type  and  under  otherwise  equal  conditions,  the  amount  of  N2O 
produced  from  CFB  is  higher  than  that  from  BFB.  The  higher  the  recycle  ratio,  the  higher  the  concentration  of 
N2O  [5,  15]  .  These  results  indicate  that  the  char  unbumt  out  in  return  fly  ash  can  make  an  important 
contribution  to  N2O  formation.  Because  of  a  large  difference  between  CFB  and  BFB  in  operation,  it  is  an 
important  subject  for  us  how  to  assess  the  relative  contribution  of  volatile  and  char  under  CFB  operating  condition. 

5,  BRIEF  SUMMARY 

(1)  The  char's  properties,  especially  the  distribution  of  coal-N  between  volatile-N  and  char-N,  can  significantly  be 
influenced  by  the  temperature  and  equipment  for  char  preparation,  hence,  a  reasonable  experimental 
technique  should  be  consistent  with  following  principles : 

•  the  temperature  for  char  preparation  should  be  the  same  as  that  for  coal/char  combustion  experiment , 

.  the  equipment  for  coal/char  combustion  experiment  should  exactly  be  the  same  one  as  that  for  char 
preparation. 

(2)  The  difference  between  percent  conversion  of  coal-N  and  that  of  char-N  can  not  be  regarded  as  that  of  volatile- 
N. 

(3)  For  the  cases  in  which  more  than  90%  of  nitrogen  in  coal  remains  in  char,  the  percent  conversion  and 
converted  amount  of  nitrogen  in  char  formed  during  coal  combustion  are  more  than  those  of  nitrogen  in  char 
prepared  by  pyrolysis.  The  latter  char  cannot  be  representative  of  the  former  one. 

(4)  The  research  method  based  on  coal/char  respective  combustion  experiment  could  not  be  considered  to  be  a 
perfect  one  and  needs  to  be  modified.  Furthermore,  research  on  relative  contribution  of  volatile-N  and  char-N 
under  CFB  operating  condition  should  be  carried  out. 
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ABSTRACT.  A  new  method  for  an  integrated  design  of  process  furnaces  (especially  tubular  fired  heaters)  has 
been  developed.  This  approach  consists  in  bridging  a  gap  between  equipment  (furnace)  design  and  process 
design.  It  utilizes  some  principles  from  Pinch  Analysis.  The  procedure  for  an  efficient  integration  of  furnaces  is 
partly  interactive  and  is  based  on  three  stages:  (i)  targeting,  (ii)  synthesis  and  (iii)  detailed  design.  Its  application 
is  illustrated  through  examples  -  case  studies  for  both  grassroot  design  and  retrofit.  A  substantial  energy  saving 
can  be  observed. 


1.  INTRODUCTION 

Energy  saving  and  emissions  reduction  can  be  considered  as  priorities  in  the  process  industries  at  present. 
Process  tubular  furnaces  as  large  and  complex  items  of  industrial  units  are  major  consumers  of  energy  in  process 
plants.  In  the  chemical  and  petrochemical  plants  it  is  approximately  75%  of  their  total  energy  consumption. 
Moreover,  the  cost  of  the  furnace  system  usually  ranges  between  10  and  30%  of  the  plant  total  investment.  From 
these  and  other  reasons  furnaces  usually  rank  among  the  key  pieces  of  equipment  in  various  processes  and  their 
operation  substantially  influences  energy  consumption  and  emissions  production.  The  aim  of  furnaces’ 
designers  and  operators  is  to  achieve  an  acceptable  energy  efficiency.  It  is  not  possible  if  the  furnace  is 
considered  as  “stand-alone”.  The  fiimace  must  be  considered  as  a  part  of  overall  process  using  an  integrated 
approach  and  an  efficient  technique  based  on  process  integration  for  solving  this  problem  is  necessary  to  be 
used.  Pinch  Analysis  [1,2]  has  emerged  as  one  of  the  most  effective  methodologies  in  the  field  of  process 
integration  and  is  widely  used  among  practising  engineers.  It  is  based  on  thermod^amic  analysis  and  provides 
us  with  valuable  information  about  heat  fluxes  in  processes  and  in  the  field  of  an  interaction  between  processes 
and  utility  systems.  Using  the  approach  called  "targeting"  we  can  find  energy  and  capital  requirements  even 
before  the  detailed  design.  This  method  which  has  established  itself  as  a  highly  versatile  tool  in  process  and  heat 
exchanger  design  can  be  efficiently  used  in  an  integrated  furnaces  design. 

This  contribution  is  devoted  to  process  furnaces  (especially  tubular  fired  heaters)  integration  into  processes. 
Some  basic  ideas  and  principles  were  formulated  in  [3,  4]  and  in  [5]  later.  However,  it  was  found  that  a  new 
methodology  bridging  existing  gaps  between  modem  targeting  methods  for  furnaces  based  on  Pinch  Analysis 
and  detailed  design  of  furnaces  should  be  developed.  This  methodology  presented  in  the  paper  is  partly 
interactive  and  is  based  on  three  stages  of  design:  (i)  targeting,  (ii)  synthesis  and  (iii)  detailed  design.  It  can  be 
applied  for  both  grassroot  design  and  retrofit. 

2.  BASIC  PRINCIPLES  OF  PROCESS  INTEGRATION 

Basic  principles  of  process  integration  through  Pinch  Analysis  are  useful  to  be  briefly  explained  for  a  better 
understanding  the  method  for  furnaces  integration  which  has  been  developed. 

Pinch  Analysis 

Energy  saving  in  the  process  industry  is  not  efficient  enough  without  process  integration.  Process  integration  is 
considered  as  a  systematic  simultaneous  design  of  an  overall  process  as  opposed  to  the  design  of  individual 
items  of  equipment.  By  properly  integrating  the  process,  substantial  energy  and  capital  costs  can  be  saved.  Pinch 
Technology  (and/or  Pinch  Analysis)  provides  a  methodology  which  allows  process  integration  to  be  conducted 
in  a  scientific  and  systematic  manner  and  enables  energy/capital  trade-off  to  be  made  even  before  the  design 
[1,2].  Pinch  Analysis  can  be  considered  as  a  very  efficient  tool  for  reducing  total  costs  (the  sum  of  energy  and 
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capital  costs)  not  only  in  grassroot  design  but  also  in  retrofit  in  the  process  industry.  This  methodology  is  widely 
used  in  industrial  practice  at  present  because  it  is  „easy  to  understand"  and  „easy  to  use".  The  basic  principles  of 
Pinch  Technology  are  based  on  thermodynamic  analysis  as  mentioned  above. 


niininnim  hnt  iiHKfy 


Fig.  1.  Composite  curves  (CC)  and  grand 
composite  curve  (GCC) 


Fig.  2.  Representation  of  furnace  flue  gas 
temperature  vs.  GCC 


In  each  process,  sources  of  heat  (called  hot  process  streams)  and  sinks  (called  cold  process  streams)  can  be 
identified  from  the  flowsheet  and  from  the  material  and  energy  balance  of  a  process.  Assuming  a  given 
temperature  difference  ATmin  we  can  plot  composite  curves  (CC)  in  the  form  of  a  temperature/enthalpy  diagram 
(T-H)  as  shown  in  Fig.  la.  ATmin  is  normally  observed  at  a  particular  point  between  the  hot  and  cold  composite 
which  is  called  pinch  and  is  of  fundamental  importance  in  design.  The  pinch  point  divides  the  overall  system 
(process)  into  two  subsystems  -  above  the  pinch  (AP)  and  below  the  pinch  (BP).  From  the  thermodynamic  point 
of  view  the  AP  subsystem  can  be  considered  as  a  heat  sink  and  represents  the  minimum  heat  demand  (minimum 
hot  utility  -  QH.min)  e.g.  for  the  purpose  of  crude  oil  pre-heat  in  the  atmospheric  distillation  process  and  the  BP 
subsystem  can  be  considered  as  a  heat  source  (on  a  lower  temperature  level)  and  the  heat  must  be  rejected 
(minimum  cold  utility  -  Qcinin)-  Furnaces  are  frequently  used  as  hot  utility  systems.  When  the  minimum  hot 
utility  QH,miii  is  found  by  Pinch  Analysis  we  can  use  e.g.  flue  gas  from  a  furnace  as  hot  utility.  The  composite 
curves  tell  us  a  greater  deal  about  the  process  (the  hot  and  cold  composite  curves  represent  all  the  hot  and  cold 
process  streams,  respectively).  However,  a  better  tool  has  been  developed  for  an  economic  selection  of  utilities  - 
the  grand  composite  curve  [i,  2].  The  grand  composite  curve  (GCC)  reveals  where  heat  is  to  be  transferred 
between  the  utilities  and  the  process  and  where  the  process  can  satisfy  its  own  heat  demand  (shaded  area  in  Fig. 
lb). 


Furnace  Temperature/Enthalpv  Profiles 

A  representation  of  flue  gas  as  a  straight  line  of  constant  heat  capacity  flowrate  CP,  linking  the  theoretical  flame 
temperature  Txft  to  the  ambient  temperature  Tq  (Fig.  2),  has  been  used  successfully  in  process  integration  [3], 
although  such  a  simple  model  has  been  justified  in  a  rigorous  manner  only  later  [5].  This  was  done  by  using  a 
simple  mathematical  model  of  furnaces  described  in  [5,6]  (see  dashed  curves  in  Fig.  2). 

Flue  gas  leaves  the  furnace  with  stack  temperature  Tstack-  Heat  released  by  combustion  of  fuel  can  be  expressed 
as  follows: 


FUEL  -  QH.mm  +  QsTACK 

Qstack  represents  stack  losses  and  QH.mm  is  given  by  relation: 
Qa.mm  “  Qrad  Qcon  “Qabs 


(1) 


(2) 
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While  Qrad  is  the  heat  absorbed  in  radiation  chamber  Qcon  is  heat  transferred  in  convection  sections  of  a  furnace. 
0^  usually  shares  with  45  %  to  55  %  on  FUEL.  Therefore  it  can  be  expressed  by  relation: 

(3) 

where  Icr  is  a  coefficient  of  heat  absorbed  in  the  radiation  chamber  (efficiency  of  radiation  chamber).  In  case  of 
retrofit  Icr  can  be  evaluated  for  an  existing  fiimace  based  on  using  the  simple  mathematical  model  [6]. 

3.  PRINCIPLES  OF  FURNACES  INTEGRATION 

Process  furnace  and/or  fired  heater  can  probably  be  considered  as  an  only  equipment  without  completely 
developed  rules  of  integration.  It  means  that  Pinch  Analysis  has  not  been  applied  in  such  a  way  that  would  reveal 
an  optimum  regime  of  operation,  maximum  achievable  efficiency,  appropriate  fuel  flowrate  and  acceptable 
investment  cost  provided  emissions  concentration  below  the  permissible  limit.  Possibilities  of  furnaces 
integration  based  on  Pinch  Analysis  can  be  specified  as  follows: 

a)  optimization  of  stack  temperature; 

b)  optimum  air  preheating  using  exhaust  flue  gas,  waste  heat  of  process  streams  or  both. 

For  an  evaluation  of  optimum  solution  the  capital/energy  trade-off  [1, 2]  is  applied. 

Optimization  of  Stack  Temperature 


Annual  cost 


Fig.  3.  Capital/energy  trade-off  for  optimization  of  the  stack  temperature  Tstack 

In  case  of  furnaces  heat  of  the  flue  gases  can  be  utilized  up  to  acid  dew  point  Top.  Let  us  define  our  target  as 
minimum  total  costs  (given  by  a  sum  of  investment  and  operating  (process  fluid  transport)  costs  for  convective 
sections  of  furnace  and  costs  for  hot  utility  (fuel))  which  are  a  function  of  the  stack  temperature  Tstack-  Stack 
temperature  can  be  found  within  the  interval  TpiNcahot  (temperature  of  hot  streams  in  the  pinch  point)  and 
bridgewall  temperature  (Tbw)-  In  case  Top  >  TpiNCH,hot.  Tdp  becomes  the  lower  boundary  of  the  interval  [3].  The 
following  procedure  can  be  applied: 

•  The  lower  boundary  of  the  stack  temperature  (Tstack  )  interval  (  TpiNCH,hot  or  Tdp  ;  Tbw)  is  determined  and 
the  area  of  convective  sections  (Aeon)  evaluated. 

•  A  range  of  calculations  for  stack  temperature  Tstack  from  the  above  interval  follows. 

•  For  each  calculation  (run)  fuel  burnt  (FUEL)  is  evaluated  as  well  as  fuel  cost. 
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•  Then  a  simplified  evaluation  of  heat  absorbed  in  the  radiation  chamber  (Qrad)  according  to  Eq.  3  is 
performed.  Heat  transferred  in  the  convection  sections  (by  cooling  the  flue  gas  from  inlet  temperature  Tbw 
downto  to  outlet  temperature  Tstack)  Qcon  is  determined  using  the  Eq.  2. 

•  Area  of  convection  sections  Aeon  is  evaluated  and  consequently  capital  and  operating  costs  are  calculated 
and  then  the  total  annual  costs  which  are  given  by  a  sum  of  costs  for  hot  utility  (fuel)  and  capital  and 
operating  costs  for  convection  sections. 

•  If  the  above  steps  are  repeated  many  times  a  diagram  showing  the  capital/energy  trade-off  vs.  stack 
temperature  can  be  drawn  (see  Fig.  3).  The  optimum  stack  temperature  TsTACiCopt  related  to  the  minimum 
total  costs  is  found. 

Detailed  description  of  the  above  procedure  can  be  found  in  [7].  Let  us  explain  some  constraints  in  case  of 
retrofit.  If  we  consider  the  point  EXj  (see  Fig.  3)  representing  capital  costs  for  existing  area  of  convection 
sections  A<;on,Exi  we  can  find  a  scope  for  optimization  because  A<.oa,Exi  <  Aeon, opt  •  In  case  of  the  point  EXa  results 
of  optimization  cannot  be  utilized  because  removing  existing  area  is  not  an  economic  way  of  retrofit. 

Optimization  of  Air  Preheating 

After  determining  the  optimum  stack  temperature  TsTACK,opt  we  can  start  with  air  preheating  optimization.  Let  us 
define  our  target  as  finding  an  optimum  air  temperature  (Tjij.opt )  for  minimum  total  costs  for  air  preheating 
system.  Fuel  cost  and  investment  cost  for  Aeon  are  given,  and  TsTACK,opt  is  necessary  to  be  maintained  and  for 
utilizing  preheating  of  air  has  to  be  higher  than  Top  or  TpiNCH.hot  ■  Then  the  maximum  heat  available  for  air 
preheating  can  be  expressed  as 

Qair  ~  CPfg  ■  (Tstack, opt  ~  Tpp )  =  •  (T^  ~  Tq  )  (4) 

After  evaluating  Tair.max  we  can  undertake  a  number  of  calculations  for  T^ir  from  the  interval  (  Tq  ;  Tair,max  )•  For 
each  run  the  theoretical  flame  temperature  Tttt  .  enthalpy  of  air,  heat  supplied  by  fuel  combustion  and  annual 
costs  for  hot  utility  are  calculated. 

The  more  air  is  preheated  the  more  heat  exchange  area  is  necessary  for  air  preheating.  Air  preheating  is  carried 
out  using  various  types  of  heat  exchangers  (e.g.  plate  type  heat  exchangers,  heat  pipes,  Ljungstrom  exchangers, 
etc.).  We  consider  plate  type  heat  exchangers  which  are  widely  used  because  of  their  significant  advantages  (e.g. 
compactness,  flexibility  of  design  and  dimensions,  low  pressure  losses,  low  fouling,  minimum  maintenance, 
etc.).  Area  of  air  preheater,  A^ir ,  is  evaluated  from  the  equation  for  heat  transfer: 

Q^=U-A^AT  (5) 

where  AT  is  the  mean  temperature  difference  of  the  air  preheater  and  U  is  the  overall  heat  transfer  coefficient 
which  is  dependent  on  the  heat  transfer  coefficients  of  air  and  flue  gas.  The  optimization  of  plate  type  air 
preheaters  [8]  is  used  for  evaluating  optimum  investment,  operating  and  geometrical  parameters  of  air  preheater 
with  a  given  heat  duty  Qair .  Operating  and  capital  costs  for  flue  gas  and  air  fans  and  capital  cost  for  flue  gas  and 
air  ducts  are  taken  into  consideration.  While  the  optimization  of  air  preheater  [8]  can  be  defined  as  an 
optimization  of  a  local  problem  (equipment  itself)  then  air  preheating  temperature  optimization  can  be  defined  as 
an  optimization  of  a  global  problem.  An  appropriate  involving  of  air  preheating  optimization  (local  optimization 
problem)  into  the  air  preheat  temperature  optimization  (global  optimization  problem)  allows  to  achieve  for  each 
temperature  Tair  (from  the  above  mentioned  interval)  all  the  cost  and  design  data  for  air  preheating  system  and 
fuel. 

Principles  of  an  optimum  design  of  air  preheaters.  The  principles  are  based  on  an  interrelation  of  heat 
transfer  and  pressure  drop  in  these  heat  exchangers  and  considering  total  costs  for  air  preheating  system  as  an 
objective  function.  Air  preheating  system  which  is  considered  for  the  optimization  (local  problem)  is  obvious 
from  Fig.  4.  Major  cost  components  of  a  heat  exchange  system  are  as  follows:  capital,  operating  and 
maintenance  costs  of  air  and  flue  gas  fans  and  capital  and  maintenance  costs  of  the  plate  type  air  preheater.  The 
relationship  for  the  annual  costs  is: 
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Fig.  4.  Process  furnace  with  preheating  air 


Fig.  5.  Capital/energy  trade-off  for  air 

preheating  using  furnace  outlet  flue 
gas  heat 


Ct  =— [{l  +  mj-af -Cc  +  Xb-Co] 
ef 

Capital  costs  (Cc)  are  dependent  on  the  air  preheater  area  (Aair),  and  both  the  capital  costs  and  operating  costs 
are  dependent  on  pressure  drops  Apaii  and  Apfg.  Using  procedures  from  [9]  we  can  obtain  relations  for  pressure 
losses  (both  for  air  side  and  flue  gas  side)  in  the  form  as  follows: 

Ap  =  f  (thermophysical  properties,  geometry,  flowrate,  a)  (7) 

Then  the  total  costs  can  be  expressed  as  a  function  of  and  otfg  as  follows: 

CT=f(a^,afJ  (S) 


From  the  necessary  conditions  for  the  extremum  existence  of  the  objective  function 


9«fg 


(9) 


the  optimum  heat  transfer  coefficients  can  be  obtained.  These  values  are  substituted  into  the  relation  between  a 
and  Ap  (Eq.  7)  and  optimum  pressure  drops  Apajj  and  Apfg  and  consequently  the  optimum  dimensions  of  the  air 
preheater  and  its  new  area  Aair  are  evaluated. 

Then  the  energy/capital  trade-off  for  air  preheating  temperature  optimization  can  be  done  (see  Fig.  5).  We  can 
find  an  optimum  temperature  of  preheated  air  Tajj  opr  •  For  Tair.opr  other  important  values  as  costs,  operating  and 
design  data  for  air  preheating  system  (air  preheater,  flue  gas  and  air  fans,  fuel  flow  rate,  NO^  emissions  etc.)  are 
evaluated.  These  parameters  are  used  for  the  detailed  design  of  a  furnace.  Details  of  this  approach  can  be  found 
in  [7]. 
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Air  preheating  optimization  in  case  of  retrofit.  The  theoretical  flame  temperature  I’m-  can  be  considered 
as  an  indicator  of  tube  heat  flux  density  at  the  tube  surface  in  the  radiation  chamber  for  the  purpose  of  fuel 
consumption  optimization.  The  principle  of  the  procedure  for  optimization  is  to  maintain  the  constant  stack 
temperature  TsTACK,opt  ^nd  the  theoretical  flame  temperature  T-m-  while  the  temperature  of  air  preheating  T^ij  is 
being  increased.  The  values  of  this  temperature  range  within  the  interval  (To  ,  Tair.max)-  Total  costs  are  a  sum  of 
all  the  costs  considered  and  the  optimum  values  of  air  preheating  temperature  and  air  excess  can  be  found.  The 
air  preheating  optimization  algorithm  also  involves  an  above  mentioned  procedure  for  optimization  of  plate  type 
air  preheaters  which  enables  to  evaluate  optimum  investment,  operating  and  geometrical  parameters  of  air 
preheater  for  a  given  duty  Qair-  Based  on  minimum  total  aimual  cost  the  optimum  value  of  air  preheating 
temperature  Tair.opr  and  the  corresponding  values  of  excess  air  Xqpt  (see  Fig.  5),  fuel  flowrate  and  geometrical 
parameters  and  operating  conditions  of  the  air  preheater  can  be  identified  [7].  (Values  of  excess  air  for  the  case 
of  retrofit  can  be  observed  on  horizontal  axis  in  parentheses  in  Fig.  5.) 

Utilizing  waste  heat  of  process  streams  for  air  preheating.  Utilizing  of  heat  which  is  to  be  rejected  from 
hot  process  streams  can  contribute  to  both  energy  saving  and  cold  utility  reduction.  Therefore  the  cold  utility 
cost  is  involved  in  the  capital/energy  trade-off  as  well.  This  alternative  can  also  be  considered  in  a  combination 
with  using  heat  of  exhaust  flue  gases  for  air  preheating.  All  the  feasible  alternatives  are  necessary  to  be 
considered  for  an  evaluation  of  the  optimum  air  preheating  system  [7]. 

4.  ALGORITHM  FOR  FURNACES  INTEGRATION 

An  algorithm  for  furnaces  integration  consists  of  three  main  procedures:  (i)  targeting,  (ii)  synthesis,  and  (iii) 
detailed  design  of  a  furnace.  Using  targeting  enables  us  to  obtain  important  information  about  the  process  and 
especially  the  grand  composite  curve  (GCC)  which  can  be  considered  as  an  important  tool  for  the  furnaces 
integration.  By  targeting  based  on  Pinch  Analysis  we  can  determine  QH.min  and  Qc.mm-  If  we  want  to  achieve  a 
furnace  design  of  practical  value  it  is  necessary  to  combine  process  design  with  equipment  design  based  on  a 
collaboration  with  furnaces  designers  (selection  of  furnace  type  in  case  of  grassroot  design,  identifying  retrofit 
constraints),  determining  kR,  design  of  tube  arrangement  etc.  Then  the  procedure  for  the  synthesis  which  is  based 
on  methods  for  optimizing  the  stack  temperature  and  air  preheating  is  applied.  This  methodology  also  utilizes 
principles  of  targeting  based  on  Pinch  Analysis  as  described  above.  After  completing  the  previous  steps  we  can 
perform  a  detailed  design  based  on  the  furnace  simulation  (calculation  of  heat  transfer  and  fluid  flow  in  the 
furnace)  using  computer  code  for  simulation  (e.g.  the  simple  one  [5,  6])  and  then  a  detailed  mechanical  design.  A 
simplified  algorithm  is  obvious  from  Fig.  6. 


Fig.  6.  Basic  procedures  in  integrated  furnace  design 
5.  EXAMPLES  -  CASE  STUDIES 
Grassroot  Design  of  Furnace  for  Gas  OU  Hydrogenation  Refining 

A  simplified  flowsheet  of  the  process  is  shown  in  Fig.  7  where  the  heat  exchanger  network  (HEN)  is  symbolicaly 
represented  by  only  one  heat  exchanger.  Important  values  resulting  from  the  targeting  stage  are  as  follows:  ATnun 
=  21  °C,  QH,mm  =  3244  kW,  Qc,mm=  4129  kW,  Tj.  pinch  =  368°C.  An  interactive  input  into  the  furnace  integration 
approach  starts  with  the  furnace  design.  A  cylindrical  radiation  chamber  with  vertical  tube  coil  and  a  horizontal 
convection  section  situated  above  it  was  selected.  By  applying  the  algorithm  described  above  the  optimum  stack 
temperature  for  minimum  total  annual  costs  of  convection  sections  TsTACK,opt  =  380°C  was  found.  Corresponding 
values  of  fuel  flowrate  and  number  of  tube  rows  in  the  convection  section  were  evaluated  in  addition  to  others 
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parameters.  Then  a  system  for  preheating  air  was  calculated  (Tair.opt  =  270  °C)  and  detailed  design  of  the  furnace 
was  performed.  The  furnace  efficiency  of  91.8  %  was  evaluated  using  a  detailed  simulation. 


Fig.  7.  Simplified  flowsheet  of  gas  oil  Fig.  8.  Simplified  flowsheet  of  the  hydrogenation 

hydrogenation  refining  refining  petrol  plant  after  retrofit 


Retrofit  of  Furnace  from  Process  for  Hydrogenation  Refining  Petrol 

First,  the  existing  state  of  the  process  was  analyzed.  Refinery  management  decided  to  replace  the  existing  system 
for  preheating  air  through  utilizing  steam  as  hot  utility  by  a  new  one  with  the  aim  to  save  costs  for  energy  and  to 
match  the  more  sweeping  emissions  limits.  A  limited  cost  for  investment  was  available.  Further,  a  minor  retrofit 
of  the  furnace  was  considered  to  increase  its  efficiency.  A  type  of  fired  heater  was  the  same  as  in  the  previous 
case  of  grassroot  design.  It  was  found  by  applying  the  optimization  of  stack  temperature  that  the  results  cannot 
be  utilized  because  this  type  of  retrofit  would  consist  in  removing  a  part  of  existing  area  from  the  convection 
sections  (see  point  EX2  in  Fig.  3).  However,  the  optimization  of  air  preheating  proved  itself  to  be  very  useful. 
Then  the  computer  program  for  furnaces  simulation  [5,6]  was  used  for  completing  the  retrofit  design.  A 
comparison  of  selected  important  parameters  before  and  after  retrofit  is  obvious  from  Table  1.  It  can  be  observed 
that  an  optimum  utilization  of  flue  gas  exhaust  heat  for  air  preheating  together  with  a  minor  change  of  operating 
parameters  can  bring  approximately  20  %  reduction  of  energy.  A  simplified  flowsheet  of  the  process  after 
retrofit  is  shown  in  Fig.  8. 


Table  1.  Comparison  of  selected  parameters  before  and  after  retrofit 


Selected  parameters 

Before  retrofit 

After  retrofit 

Excess  air  X  [-] 

1.15 

1.254 

Temperature  of  combustion  air  Tair  [°C] 

140 

190 

Fuel  flowrate  Vftai  [mN^/s] 

0.116 

0.114 

Furnace  efficiency  [%] 

82.9 

88.4 

Total  annual  cost  for  fuel  and  steam  [$/yr] 

159  840 

128  250 

Total  annual  costs  for  the  new  air  preheating  system  [$/yr] 

- 

5  820 

Payback  [months] 

- 

2.2 

6.  CONCLUSION 


A  method  contributing  to  energy  (fuel)  saving  in  the  process  industry  plants  is  based  on  process  integration  using 
Pinch  Analysis.  This  approach  combines  principles  of  effective  design  of  both  processes  and  equipment.  A 
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procedure  for  furnaces  integration  starts  with  process  analysis  and  targeting  procedure  (based  on  Pinch 
Analysis).  The  targeting  procedure  is  followed  by  synthesis  and  by  a  detailed  design  of  the  furnace.  For  the  new 
partly  interactive  synthesis  stage  we  have  applied  a  combined  targeting  and  optimization  approach  for  the 
analysis  of  furnace  subsystems.  A  complex  synthesis  procedure  like  this  then  enables  to  determine  preliminary 
geometric  parameters  of  these  subsystems  (like  convective  sections,  air  preheaters)  in  addition  to  an  optimum 
regime  of  operation.  Parameters  obtained  from  the  synthesis  stage  can  be  considered  as  the  best  input  data  for  a 
detailed  design  of  the  furnace  by  using  various  software  products.  The  benefit  of  this  integration  approach  is 
illustrated  through  examples  of  both  grassroot  and  retrofit  design  of  furnaces. 

NOMENCLATURE 


af 

annuity  factor,  1/yr 

Qc,iiun 

minimum  cold  utility,  W 

Aaii- 

heat  transfer  area  of  air  preheater,  m^ 

Oh, min 

minimum  hot  utility,  W 

Aeon 

area  of  convective  sections,  m^ 

Qrad 

radiation  chamber  duty,  W 

Cc 

capital  cost ,  $ 

Qstack 

stack  losses,  W 

Co 

operating  cost,  $/hr 

T 

temperature,  °C 

Ct 

total  annual  cost,  $/yr 

Tbw 

bridgewall  temperature,  °C 

CP 

heat  capacity,  W.K"’ 

Top 

dew  point  temperature,  "C 

Cf 

equipment  availability  factor,  - 

Tef 

effective  flue  gas  temperature,  °C 

FUEL 

heat  supplied  by  fuel  combustion,  W 

Ti 

interval  temperature,  ‘’C 

H 

enthalpy,  W 

To 

ambient  temperature,  °C 

ka 

efficiency  of  radiation  chamber,  - 

Tstack 

stack  temperature,  °C 

nic 

maintenance  costs  ratio,  - 

Ttft 

theoretical  flame  temperature,  “C 

Ap 

pressure  drop.  Pa 

AT 

mean  temperature  difference,  ®C 

Q 

heat,  W 

ATnun 

minimum  allowable  temperature  difference,  °C 

Qabs 

heat  absorbed  in  a  furnace,  W 

U 

overall  heat  transfer  coefficient,  W.m’^.K'* 

Qair 

heat  used  for  air  preheating,  W 

a 

heat  transfer  coefficient,  W.m'^.K’’ 

Qcon 

convective  sections  duty,  W 

X 

excess  air,  - 

Xb 

plant  attainment,  hrs/yr 

Indices 

air 

air 

max  maximum  value 

C 

cold  utility 

min  minimum  value 

exist 

existing  value 

new  new  value 

fg 

flue  gas 

opt,  OPT  optimum  value 

H 

hot  utility 

PINCH  value  at  PINCH  point 
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ABSTRACT.  With  the  CFB  as  main  reactor,  an  integrated  facility  was  developed  for  the  fast  pyrolysis  of 
biomass.  To  model  the  main  chemical  processes,  the  bed  is  divided  into  two  zones  according  to  the  pyrolysis 
and  secondary  reaction.  The  pyrolysis  of  pine  wood  powder  was  processed  by  varying  the  bed  temperature, 
particle  size  of  wood  powder  and  the  feeder  position.  Based  on  the  variation  of  the  pyrolysis  gas  composition 
and  the  bio-oil  ingredients,  analysis  of  the  experimental  data  highlights  the  important  effects  of  temperature, 
heating  rates  and  secondary  reaction.  The  main  technical  problems  during  the  experiment  and  the  solution  are 
also  discussed. 


1.  INTRODUCTION 

Because  environmental  pollution  problems  become  increasingly  serious,  it  is  important  to  make  use  of  the  clean 
and  renewable  resource  —biomass  as  substitution  for  fossil  energy.  On  the  other  hand,  biomass  is  just  wastes 
before  they  can  be  treated  and  recycled,  which  will  become  pollutant  to  the  environment  due  to  landfill  and  pUe- 
up  or  malignant  sources  which  result  in  accident  fire.  The  biomass  pyrolysis  for  liquids  is  a  promising 
technology.  It  offers  a  number  of  unique  advantages  of  which  the  most  significant  is  that  a  liquid  is  produced  that 
can  be  stored  and  transported.  Pyrolysis  is  thermal  degradation  either  in  the  complete  absence  of  oxidizing  agent 
or  with  such  a  limited  supply  that  gasification  does  not  occur  to  an  appreciable  extent  or  may  be  describes  as 
partial  gasification.  Moderate  temperature  about  500  °C,  high  heating  rates  of  up  to  a  claimed  1000  °C/s  or  even 
10000  °C/s  and  very  short  residence  time  less  2s[l]  are  the  perfect  reaction  conditions.  In  order  to  get  these  strict 
conditions,  we  uses  the  Circulating  Fluidized  Bed  (CFB)  as  the  main  reactor. 

2.  EXPERIMENTAL  STUDIES 


XTAai-ciiaaj  j*  j  •  ottd  TU 

Using  quartz  sand  as  circulating  particle,  the  pyrolysis  of  pine  wood  powder  for  liquids  was  studied  in  CFB.  The 
particle  sizes  of  two  wood  powder  samples  were  0.38mm  and  0.73mm.  The  proximate  and  ultimate  analyses  of 
the  wood  powder  are  summarized  in  Table  1.  Since  the  wood  powder  has  large  amounts  of  volatile  matter  (70.7 
Wt.%),  pyrolysis  of  which  for  liquids  is  an  efficient  method  for  utilizing  wood  powder. 


Table  1.  Proximate  And  Ultimate  Analysis  Of  Wood  Powder 


Proximate  analysis 

Wt.% 

Ultimate  analysis 

Wt.% 

Volatile  matter 

70.7 

C 

47.9 

Fixed  Carbon 

21.2 

H 

7.0 

Ash 

2.3 

0 

41.4 

Moisture 

5.8 

N 

0.1 

H.H.V(kJ/kg) 

18032.5 

S 

0.3 

Ash 

2.3 

2.2  Facility 

The  Circulating  Fluidized  Bed  (CFB)  has  been  successfully  used  in  many  fields  as  an  efficient,  no  bubble  and 
high  production  capacity  reactor  [2].  Using  the  CFB  as  main  reactor,  we  designed  and  constructed  an 
experimental  facility  which  included  the  heating,  reaction,  measurement  and  control  devices.  Its  processing 
capacity  is  5  kg/h. 

A  schematic  of  the  apparatus  is  shown  in  Fig.l.  The  system  has  five  components:  (i)  two  variable  speed  rotary 
feeders  at  the  different  height  along  the  CFB;  (ii)  a  CFB  reactor  assembly  with  two  cyclone  separators;  (iii) 
cooling  system;  (iv)  combustion  chamber;  (v)  gas  circulating  pump  and  preheating  system.  The  CFB  reactor  was 
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constructed  from  the  heat-resistant  stainless-steel  pipe  of  100mm  i.d,  and  the  total  height  of  this  apparatus  is 
about  3  m. 


®  Combustion  chamber 
(D  CFB 

(D  Gas  preheating  pipe 
@  Feeder 
©  Primary  cyclone 

©  Secondary  cyclone 
®  Condenser 

®  L  valve  1 
©  L  valve  2 
®  Collection  box 


Fig.  1  Experimental  apparatus 


2.3  Experimental  Procedure 

Combustion  chamber  was  the  main  energy  source  in  this  apparatus,  in  which  the  shredded  charcoal  powder  was 
burned  to  provide  heat  for  the  whole  system.  The  carrier  gas  (air  firstly,  then  pyrolysis  gas)  was  pumped  into 
preheating  pipe  by  the  circulating  pump  to  be  heated,  then  it  carried  quartz  sand  to  circulate  in  the  CFB.  When 
bed  temperature  rose  to  a  proper  degree,  wood  powder  was  fed  by  a  rotary  feeder  with  a  variable  speed  motor 
from  a  sealed  hopper.  With  favorable  conditions  of  heat  and  mass  transfer,  the  wood  powder  was  pyrolyzed 
immediately  and  brought  out  of  CFB  quickly.  After  the  quartz  sand  and  pyrolysis  char  were  separated  by  the  two 
cyclones  respectively,  the  pyrolysis  vapours  was  quenched  when  it  escaped  through  the  condenser.  Thus,  we 
could  collect  the  liquid  product,  bio-oil,  and  the  non-condensable  gases  were  extracted  by  the  circulating  pump. 
In  order  to  study  on  the  effects  of  temperature,  heating  rates  and  vapour  residence  time,  we  changed  the  reactor 
temperature,  particle  size  of  wood  powder  and  the  feeder  position  in  the  experiment. 
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3.  CHEMICAL  PROCESSES  OF  CFB 

In  a  CFB,  the  bed  could  be  divided  into  two  zones  according  to  the  main  chemical  processes  [3],  which  can  be 
modelled  as  Fig.2. 

3.1  Prolvsis  Zone 

In  this  zone,  feed  was  loaded  into  the  bed  and  pyrolyzed  very  quickly.  Since  the  feed  particles  were  small  and  the 
heat  exchanged  rapidly,  the  heating  rate  was  very  high.  For  example,  a  small  particle  at  0.1 -0.2mm  diameter, 
could  be  heated  at  the  rate  of  about  10^  °C  /s  in  an  atmosphere  at  1000  °C.  In  this  zone,  the  main  chemical  process 
could  be  described  as: 

Biomass  — >  Char  +  Tar  +  H2O  +  Gas(C02  ,CO,CH4,C„H„,H2 )  (1) 

Temperature  was  another  essential  factor  affecting  the  pyrolysis.  Because  the  relatively  high  temperature  was 
favorable  to  form  more  non-condensable  gas  and  reduce  the  tar  yield,  so  moderate  and  carefully  controlled 
temperature  was  needed. 

3.2  Reduction  And  Cracking  Zone 

After  the  feedstock  pyrolyzed,  further  reactions  took  place  before  the  pyrolysis  vapours  were  quenched  by  the 
condenser:  the  tar  cracked  and  the  char  was  reduced.  These  processes  produced  more  non-condensable  gas  such 
as  CO  and  H2.  Some  C„H„,  also  cracked  at  the  same  time.  The  main  reactions  could  be  expressed  as: 

C  +  H20^C0  +  H2;C  +  C02 -^2CO  (2) 

CH4+H20^C0  +  3H2;C0  +  H20^C02+H2  (3) 

Tar->CH4 +H20  +  C„H„ +H2  (4) 

Char  contributed  to  secondary  cracking  by  catalysing  secondary  cracking  in  the  vapour  phase,  rapid  and  complete 
char  separation  was  therefore  desirable.  Since  the  vapour  residence  time  influenced  the  yield  and  quality  of  the 
liquid  product,  the  shorter  this  zone,  the  better. 


Bio-oil  -4 -  Quenching  - ^  Non-condensable  gases 

Char 


Feed 


Fig.2.  Model  of  the  chemical  processes  of  CFB 


1634 


4.  RESULTS  AND  DISCUSSIONS 


4.1  The  Composition  of  Gas  Product 

Although  gas  product  was  not  the  main  research  object,  the  variation  of  whose  composition  contributed  to 
understand  the  mechanism  of  pyrolysis.  The  comparison  of  gas  composition  are  shown  in  Table  2.  And  T  = 
temperature  (°C),  R  =  gas  residence  time  (s),  D  =  wood  powder  diameter  (mm).  The  smaller  the  wood  powder 
diameter  provides  more  heating  surface  area,  so  it  can  be  considered  as  the  indication  of  the  heating  rate. 

Table  2  shows  that  the  composition  of  the  gas  product  from  CFBG  is  quite  different  from  the  gas  sample  obtained 
from  the  pyrolysis  gas  of  our  CFB  after  quenching.  This  difference  is  the  very  reflection  of  the  different  pyrolysis 
mechanism  between  biomass  gasification  and  fast  pyrolysis  for  liquids.  The  object  of  gasification  is  to  get  high 
quality  gas  product.  Thus  the  high  temperature  of  up  to  900  °C  is  wanted  to  enlarge  the  gas  product  and  reduce 
the  tar,  while  the  relatively  long  residence  time  contributes  to  the  secondary  reactions  including  char  reduction, 
tar  cracking,  shift  reaction,  etc.  So  the  amount  of  CO2,  CO,  CH4  and  H2  is  far  more,  and  the  amount  of  CnHnj  is 
less  in  gasification.  By  contrast.  The  object  of  fast  pyrolysis  is  to  obtain  more  liquid  product,  which  determines 
the  operation  conditions  of  moderate  temperature  and  short  residence  time  to  increase  the  liquid  production  rate. 
Such  operation  conditions  lead  to  the  higher  amount  of  CnHm  and  less  amount  of  CO,  CH4  and  H2  which  indicates 
that  the  degree  of  pyrolysis  is  not  excesssive. 

Table  2.  Comparison  Of  Gas  Composition 


Facility 

Operation 

condition 

gas  composition  (mol  %) 

LHV(MJ/m^) 

H2 

CH4 

CO 

C02 

CnH, 

DqTo 

24.62 

13.16 

29.03 

29.21 

3.98 

13.56 

Our  CFB 

reactor 

1.89 

2.7 

13.48 

49.13 

32.8 

23.71 

!■ 

3.01 

2.68 

18.28 

39.74 

36.29 

26.65 

!■ 

7.01 

4.41 

24.13 

36.35 

28.1 

23.23 

2.16 

2.13 

15.68 

41.8 

38.23 

27.26 

D2T2R2 

5.51 

4.32 

20.37 

37.25 

32.55 

25.39 

Note:  (1)  Do  =  0.41  mm,  D,  =  0.38  mm,  D2  =  0.73  mm.  To  =  920  “C,  T,  =  450  °C,  T2  =  550  °C,  R,  =  0.8  s, 
R2=1.5  s.(2)LHV  =  (30.0*CO  +  25.7*H2+85.4*CH4+151.3*C„H„)*4.2  (kJ/m^) 


Table  2  also  shows  the  difference  of  results  at  various  operation  conditions  in  our  CFB  reactor.  The  main  trend  is 
that  the  higher  temperature  and  longer  residence  time  lead  to  less  CO2,  more  CO,  H2,  CH4  varies  slightly.  The 
bigger  particle  diameter  decreases  the  heating  rate  and  favors  the  carbonization,  so  the  amount  of  product  gas  are 
lower.  The  LHV  is  determined  mainly  by  the  amount  of  CnHn,.  It  must  be  pointed  out  that  only  the  changing  trend 
of  H2  can  definitely  reflect  the  degree  of  secondary  reactions.  More  H2  suggests  that  secondary  reactions  take 
place  more  extensively.  In  contrast  to  the  H2,  other  components  will  increase  or  decrease  when  the  secondary 
reactions  take  place.  Such  features  can  be  derived  from  the  previous  discussion  of  chemical  processes.  The  gas 
composition  according  to  different  operation  conditions  is  shown  in  Fig.  3. 


Fig.3.  Gas  composition  according  to  different  operation  conditions 


1635 


4.1  The  Components  Of  Bio-oil  . 

The  bio-oil  sample  was  separated  into  alkanes,  aromatics,  non-hydrocarbons  and  bitumen  fractions,  then  the 
alkanes,  aromatics  and  non-hydrocarbons  were  analyzed  by  HP  5972-11  gas  chromatography-  mass  spectrometry 
(GC-MS)  system  using  the  ligroin,  benzene  and  ethanol  as  solvents  respectively  (Fig.4-Fig.6),  the  bitumen  was 
detected  by  PE1725X  infra-red  spectrometry  instrument  (Fig.7).  The  weight  percent  of  each  fraction  is  shown  in 
Table  3,  and  the  main  identified  components  are  listed  in  Table  4. 


Table  3.  Weight  Percent  Of  Each  Fraction 


Alkanes  (Wt.  %) 

Aromatics  (Wt.  %) 

non-hydrocarbon  (Wt.  %) 

Bitumen  (Wt.  %) 

31.04 

13.47 

39.10 

16.39 

Table  4.  The  Main  Identified  Components 


Name  of 
fraction 

Retention 

time 

Area  %  (To  the  specified 
fraction) 

Compound  name 

Alkanes 

22.87 

1.715 

Valencene 

23.19 

0.805 

lH-3a,7-Methanoazulene 

aromatics 

12.81 

2.125 

Naphthalene 

21.60 

1.112 

l,r-Biphenyl 

22.67 

1.864 

Naphthalene  ,1,8-dimethyl- 

23.31 

1.673 

Naphthalene, 2, 3-dimethYl- 

24.49 

1.030 

Acenaphthylene 

30.04 

1.974 

9H-Fluorene 

37.52 

6.537 

Anthracene 

37.84 

1.978 

Phenanthrene 

41.60 

2.333 

Anthracene,2-methy  1  - 

41.78 

3.165 

Anthracene,9-methy  1  - 

47.06 

2.313 

Pyrene 

50.03 

1.955 

Phenanthrene,2,3,5-trimethy  1  - 

52.03 

6.437 

Phenanthrene,  1  -methy  1-7- 

58.80 

5.102 

Chrysene 

non¬ 

hydrocarbon 

9.15 

4.964 

Phenol,2-methoxy- 

13.74 

6.638 

2-Methoxy-4-methyl  phenol 

17.57 

2.426 

Phenol,4-ethy  1  -2-methoxy- 

22.79 

1.604 

Benzaldehyde,4-hydroxy-3-methoxy- 

23.10 

2.235 

Benzaldehyde,  4-hydroxy-3-methoxy- 

26.83 

0.939 

Ethanone,  1  -(4-hydroxy-3-methoxypheny  1 )- 

45.13 

3.209 

Hexadecanoic  acid 

50.63 

5.518 

9,12-Octadecadienoic  acid(z,z)- 

51.58 

1.600 

Octadecanoic  acid 

55.95 

1.290 

1-Phenanthrenecarboxylic  acid 

60.25 

31.517 

1-Phenanthrenecarboxylic  acid 

84.43 

1.247 

Stigmast-4-en-3-one 

Table  3  shows  that  most  compounds  in  bio-oil  are  non-hydrocarbons,  then  alkanes,  aromatics  and  bitumen  are 
relatively  low.  The  percent  of  bitumen  indicated  the  pyrolysis  degree,  more  sufficient  pyrolysis  leaded  to  less 
bitumen.  From  table  4  and  Fig.4-Fig.6,  it  can  be  concluded  that  the  bio-oil  is  extremely  complex  and  is  composed 
of  hundreds  of  compounds.  The  major  constituents  include  phenol,  phenanthrene,  anthracene,  naphthalene  and 
some  species  of  acid.  Although  a  number  of  components  are  identified  by  the  GC-MS,  a  number  of  species  of 
interest  are  not  identified  due  to  (a)  their  low  concentration  levels  below  the  MS  detection  levels  and  (b)  the 
overlapping  of  certain  species  such  as  aromatics  by  phenols  which  are  major  constituents  with  excessive  peak 
tailing.  Due  to  the  large  amount  of  oxygen  in  bio-oil,  the  components  of  bio-oil  are  affected  by  oxydation 
severely. 
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Fig.4.  Gas  chromatogram  of  alkanes  fraction.  Conditions:  30nix0.25mnix0.25pm,  HP-5  capillary 
column;  carrier  gas,  He;  temperature  program,  75'’C  (hold  5  min)  to  285  ®C  @  3“C/min  (hold  40 
min);  injector  and  detector  temperature:  280  ®C.  For  identitication  of  peaks  see  Table  4. 


Fig.5.  Gas  chromatogram  of  aromatics  fraction.  Column  and  flow  conditions  as  in  Fig.  4. 


1637 


1638 


5.  RECOMMENDATIONS 


(1)  The  CFB  bed  can  be  divided  into  pyrolysis  and  secondary  reaction  zones  according  to  the  main  chemical 
processes.  In  order  to  obtain  high  quality  bio-oil,  the  secondary  reaction  zone  should  be  short  enough. 

(2)  The  bed  temperature,  heating  rates  and  the  vapours  residence  time  have  the  important  effect  on  the  pyrolysis 
gas  composition  and  the  bio-oil  ingredients,  so  they  must  be  controlled  carefully. 

(3)  The  carrier  gas  preheating  is  important,  and  it  is  necessary  to  take  steps  to  control  the  preheating  temperature 
strictly.  Using  the  combustion  chamber  and  the  electrical  heating  jacket  to  preheat  together  not  only  improves  the 
utilization  rate  of  the  combustion  chamber's  heat  and  reduces  the  electricity  usage,  but  also  provides  the 
convenience  of  controlling  and  regulating  the  temperature  of  carrier  gas. 

(4)  In  order  to  quench  the  vapours  quickly,  an  efficient  cooling  method  is  needed.  Cooling  the  collected  bio-oil 
firstly  with  ice  water,  then  pumping  the  cooled  bio-oil  into  condenser  to  cool  the  vapours  directly  has  obvious 
effect.  If  it  is  hard  to  collect  any  bio-oil  at  the  beginning,  we  can  use  any  gauged  water  or  alcohol  alternatively, 
which  would  be  removed  from  the  final  result. 

(5)  The  pipe  clogging  arising  out  of  the  mixture  of  tar  and  quartz  sand  is  a  serious  problem  and  must  be  solved. 
An  electrical  heating  jacket  may  be  equipped  from  the  CFB  exit  to  the  condenser  to  avoid  the  vapours 
'condensation  inside  the  pipes.  Even  though,  it  was  necessary  to  pump  the  air  into  this  system  for  a  long  time 
after  the  experiment  to  ensure  the  pyrolysis  vapours  and  tar’s  burning  up. 
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ABSTRACT.  The  objectives  of  this  smelting  reduction  furnace  study  are  to  understand  the  heat  transfer,  fluid 
mechanics  and  combustion  process  inside  a  smelting  reduction  furnace,  to  develop  the  parametric  control  for  the 
combustion  optimization  and  to  minimum  energy  consumption  for  the  smelting  reduction.  A  cold  flow  analysis 
with  k-E  turbulence  model  was  used  to  investigate  the  velocity  and  pressure  profiles  inside  the  testing  furnace 
which  provide  the  initial  information  for  the  combustion  analysis.  A  finite  rate/eddy-break-up  model  and 
mixture  ffaction/partial  probability  density  function  (PPDF)  model  are  adopted  and  the  results  compared. 
Numerical  simulations  revealed  that  a  stagnation  region  present  on  the  top  opposite  to  the  exit  of  the  non- 
symmetrical  smelting  furnace.  The  mean  furnace  temperature  that  calculated  from  PPDF  model  is  higher  than 
that  predicted  from  eddy-break-up  model.  The  future  research  topics  are  also  presented. 

1.  INTRODUCTION 

New  iron  making  processes  are  being  investigated  for  future  iron  making,  because  economic  and  environmental 
requirements  for  steel  making  are  changing.  A  world  wide  effort  has  been  undertaken  to  develop  of  an 
alternative  iron  making  process  that  will  have  the  positive  feature  of  the  blast  furnace  and  in  addition,  it  will 
overcome  its  major  shortcomings  by  having  the  flexibility  of  using  coal,  quick  operational  response  and  lower 
capital  investment  [1].  One  of  the  most  promising  new  processes  is  based  on  the  bath  smelting  of  iron  ore.  Iron 
bath  smelters  are  developed  for  operation  with  coal  rather  than  coke  and  fine  ores  in  place  of  pellets  or  sinter, 
which  eliminates  pretreatment  steps  [2].  A  liquid  iron  pool  is  the  reaction  medium.  Iron  ore  is  dissolved  and 
reduced  in  the  bath  and  coal  is  charged  into  the  reactor.  Process  gas  (mainly  carbon  monoxide  and  hydrogen)  is 
generated  in  the  iron  bath  range  and  evolves  into  the  furnace  upper  space.  By  injecting  air  or  oxygen,  the 
generated  gas  from  the  bath  is  oxidized.  The  degree  of  the  post  combustion  than  can  be  attained  determines  the 
energy  efficiency  of  the  process. 

The  main  role  of  the  post  combustion  operation  is  to  supply  the  iron  bath  with  the  heat  generation  from  the 
combustion  reaction  for  energy  source  demanded  by  the  endothermic  reduction  reaction  occurring  in  the  iron 
bath.  Therefore,  the  post  combustion  plays  an  important  role  on  the  efficiency  of  the  bath  type  smelting 
reduction  process  in  the  respect  of  reducing  the  consumption  of  the  coal.  To  design  an  efficient  post  combustion 
operation,  the  understanding  of  the  combustion  phenomena  occurring  in  the  post  combustion  stage  is  necessary. 
Combustion  is  the  heat  and  mass  transfer  phenomena  accompanying  with  the  fluid  flows  and  chemical 
reactions. 

Based  on  different  considerations  and  applications,  many  designs  of  post  combustion  operations  have  been 
proposed  in  iron  making  process  [3,4,5].  However,  the  development  concept  and  the  study  issues  are  similar  to 
each  other.  In  1997,  Takahash  [6]  operated  a  5-ton  post  combustion  furnace.  In  his  paper,  an  important 
parameter  to  increase  the  post  combustion  rate  is  to  control  the  distance  between  the  foaming  slag  and  the 
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oxygen  lance.  Shin[7]  published  a  paper  about  the  post  combustion  rate  increases  with  increasing  the  distance  of 
the  length  between  the  oxygen  lance  and  the  slag  zone.  The  China  Steel  Corporation  recently  proposes  a  testing 
pilot  furnace  design  to  investigate  this  new  technology.  A  commercial  numerical  code,  StarCD  developed  by 
Computational  Dynamics  Limits,  is  then  used  to  simulate  the  post  combustion  phenomena  inside  the  free  board, 
which  is  above  the  foaming  slag  zone.  Different  locations  of  the  oxygen  lance,  variations  of  the  inlet  mass  ration 
and  the  preliminary  calculation  of  the  heat  transfer  efficiency  are  discussed. 

2.  MODEL  DESCRIPTION 

In  this  study,  two-dimensional  turbulence  compressible  flow  model  is  considered.  The  mathematical  models  can 
be  found  in  reference  [8].  The  governing  equations  can  be  expressed  as 

V(pv<D)-V-(r<,V(D)  +  S  (1) 

where  ([)  is  parameter  that  can  be  1  for  mass  conservation  equation,  (U,V,W)  for  momentum  equation,  h  for 
energy  equation  and  (K,e)  for  turbulence  equation.  T  is  the  exchange  coefficient  and  S  is  the  source  term.  The 
chemical  compositions  involved  are  CO,  H2,  O2,  N2,  CO2  and  H2O.  All  of  these  compositions  are  assumed  to  be 
gas  type.  Three  steps  chemical  reaction  are  used: 


CO  +  1/2  O2  ->  CO2 

(2) 

H2  -1-  1/2  O2  ->  H2O 

(3) 

CO2  +  H2  ->  H2O  +  CO 

(4) 

And  eddy-break  up  combustion  model  is  assumed  inside  the  firee  board,  the  slag  zone  is  treated  as  a  fixed 
surface  with  a  fixed  temperature  flux  into  the  free  board.  The  test  pilot  fiimace  of  China  Steel  Corp.  consists  of 
2  layer  oxygen  injections  with  300  mini-meter  apart,  two  inlets  for  raw  material  and  one  exhaust  gas  outlet.  The 
detail  dimension  of  the  furnace  is  shown  in  Figure  1. 


0.42  L 


Fig.  1  Furnace  model  dimension 


The  O.IL  diameter  material  inlet  is  1.42L  above  the  slag  zone  and  the  center  of  the  exhaust  outlet  with  0.67L 
diameter  is  1.5L  about  the  slag  zone.  Only  certain  amount  of  the  4.5ton/hr  raw  material  is  assumed  to  be 
injected  through  two  material  inlets.  The  rest  of  them  are  dropped  down  into  the  slag  zone  and  gasified,  then 
flux  back  to  the  free  board  for  the  post  combustion.  There  are  six  oxygen  injections  in  the  first  layer  and  four 
oxygen  injections  in  the  second  layer  of  the  lance.  Two  locations  of  the  lance  are  chosen  -  0.25L  above  the  slag 
zone  and  IL  above  the  slag  zone.  The  amount  of  the  oxygen  supply  is  calculated  by  using  stichiometric  ratio  of 
the  equation  (2)  (3)  and  (4)  and  subtracted  total  amount  of  the  oxygen  inside  the  raw  material. 

3.  SIMULATION  RESULTS 

Several  configurations  of  the  inlet  and  outlet  are  investigated  during  the  simulation  of  this  particular  furnace.  In 
the  first  case  the  distance  between  first  oxygen  injection  layer  and  the  slag  zone  is  chosen  as  the  study 
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parameter.  The  second  case  focus  on  the  effect  of  the  reduction  of  oxygen  to  the  combustion.  Then  the  variation 
of  the  raw  material  ratio  supplied  through  the  material  inlet  and  slag  zone  is  used.  At  the  last,  the  preliminary 
calculation  of  the  post  combustion  rate  (PCR)  and  the  heat  transfer  efficiency  (THE)  is  discussed. 

3-1  Location  of  the  Lance 


Fig  2  Temperature  distribution  for  lance  0.25L  above  slag  zone  (y=0.0L) 


Fig.  3  Temperature  distribution  for  lance  0.25L  above  slag  zone  (y=0.67L) 


Fig.  4  Temperature  distribution  for  lance  1  L  above  slag  zone  (y=0.0L) 

In  this  study,  oxygen  lance  is  placed  in  two  different  height  above  the  slag  zone:  0.25  L  and  1  L.  Figure  2  and  3 
shows  the  temperature  distributions  at  the  xz  plane  at  y  =  O.OL  and  0.67L  for  oxygen  lance  located  at  0.25L 
above  slag  zone.  As  shown  in  Fig.2  the  maximum  temperature  happened  at  the  exit  of  the  oxygen  and  is  about 
2450‘’K  The  combustion  zone  propagates  from  the  oxygen  injector  to  the  bottom  of  the  free  board,  and  hot 
spots  are  observed  on  the  surface  of  the  wall.  At  the  top  of  the  furnace,  a  stagnation  zone  is  generated  by  the 
asymmetrical  design  of  the  exhaust  gas  outlet.  As  the  xz  plane  moves  0.67L  away  from  the  center  line  along  the 
y  direction  which  shown  in  Fig.3,  the  maximum  temperature  increases  up  to  2875  K  at  the  injection  of  the 
oxyoen  lance.  The  temperature  of  the  wall  opposite  to  the  exhaust  outlet  reaches  2700  K,  which  is  not  reality  m 
the  operation  of  the  furnace.  The  reason  for  this  high  temperature  generated  along  the  surface  of  the  wall  is  due 
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to  the  assumption  of  the  slag  zone  inlet  condition.  Since  the  fixed  surface  of  the  slag  zone  is  assumed  and  no  any 
material/heat  can  be  penetrated  through  it,  the  heat  flux  can  only  flow  through  the  circulation  of  the  flow  field 
and  then  pass  out  from  the  exhaust  outlet. 

Figure  4  and  5  show  the  other  configuration  of  the  oxygen  lance  with  IL  above  the  slag  zone.  In  Fig.4,  there  are 
two  ignition  zone  observed,  one  is  around  the  oxygen  lance  and  the  other  is  around  0.  IL  above  the  slag  zone. 

The  maximum  temperature  in  this  configuration  is  about  3885®K.  Fig.  5  is  0.25L  along  y  axis  away  from  the 
center  of  the  furnace.  The  maximum  temperature  is  located  0.15L  above  the  slag  zone.  The  wall  temperature  is 
around  ISOO^K  for  this  configuration.  This  is  believed  that  there  is  enough  space  between  the  oxygen  lance  and 
slag  zone  for  the  combustion. 


Comparison  of  these  two  configurations,  the  increasing  the  distance  between  the  lance  and  the  slag  zone 
increases  the  combustion  rate.  This  also  reported  in  Shin’s  paper  too. 

3-2  Variation  of  the  Material  Inlet  Ratio 

As  seen  from  Fig.  4,  two  combustion  zones  are  observed.  From  the  energy  point  of  view,  the  heat  generated 
around  the  oxygen  lance  can  hardly  be  used  for  the  post  combustion  purpose.  One  suspicion  is  raised  that  the 
initial  assumption  of  the  raw  material  supply  from  the  material  inlet  is  more  than  expected.  Reducing  the 
material  amount  through  the  material  inlet  then  is  done  for  another  simulation.  Figure  6  shows  the  result  with 
half  amount  of  the  material  from  the  material  inlet. 


Fig.  6  Temperature  distribution  with  half  amount  of  material  inlet 


In  Fig.  6  the  combustion  zone  becomes  one  single  area  and  ignition  portion  is  around  the  oxygen  injection.  The 
maximum  temperature  for  this  case  is  4085°K  and  that  of  whole  combustion  zone  is  around  2700°K. 
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3-3  Variation  of  Amount  of  Oxygen 

As  the  ratio  of  the  raw  material  will  cause  the  combustion  zone  changes,  a  further  study  of  the  change  of  oxygen 
amount  to  the  combustion  effect  is  given  in  the  section.  Unlike  the  situation  of  section  3-2,  the  change  of  the 
oxygen  supply  did  not  effect  on  the  shape  of  the  combustion  zone  but  on  the  maximum  temperature  inside  the 
furnace.  Fig.  7  shows  the  results  of  using  different  amount  of  the  oxygen. 


Fi^cd  Frnrtioft  Tt-pjersiturc 


Ttfcp  T.xit  Tcopj 

Fig.  7  Comparison  of  different  oxygen  inlet 


In  Fig.  7,  NCKU-3011-01  stands  for  100%  of  oxygen  inlet  and  NCKU-0311-03,  NCKU-0311-05,  NCKU- 
03110-07’represent  the  90%,  80%  and  70%  of  oxygen  inlet.  The  lowest  ignition  temperature  happens  at  90%  of 
oxygen  inlet,  and  the  exhaust  temperature  decreases  with  the  decreasing  of  the  oxygen  rate. 


3-4  Preliminary  Study  of  PCR  and  HTE 

As  definition  in  Katayama’s  paper  [9],  the  post  combustion  ratio  (PCR)  can  be  expressed  as 


PCR _ (CO%)t(H,Og - 

(CO  2  %)  +  (CO%)  +  (H20%)  -t-  (H  2  %) 

and  heat  transfer  efficiency  (HTE)  is 

sup  er  heat  of  exhaustgas 


Ti  = 


1- 


heat  generated  by  post  combustion  J 


xl00% 


(5) 


(6) 


The  mass  fractions  of  the  compositions  for  oxygen  lance  located  at  IL  are  listed  in  table  1. 


Table  1  Mass  Fraction  of  Compositions 


Material 

CO 

CO2 

H2 

H2O 

100% 

0.328 

1.94E-7 

l.OlE-8 

0.407 

50% 

0.390 

1.72E-7 

1.12E-8 

0.410 

Substitution  the  values  into  equation  5,  the  PCR  for  first  case  is  55.3%  and  for  reduced  material  through  the 
material  inlet  is  51.3%.  In  this  calculation,  the  amounts  of  H2  and  the  CO2  are  negligible  which  is  based  on  the 
assumption  of  the  chemical  reaction  steps.  Equation  4  forced  most  of  the  CO2  and  H2  to  form  as  CO  and  H2O. 
There  is  a  little  trick  in  calculation  of  the  HTE.  From  equation  6,  the  super  heat  of  the  exhaust  gas  is  defined  as 
the  net  heat  through  the  slag  surface.  In  this  paper,  the  slag  surface  is  assumed  to  be  a  fixed  temperature  inlet, 
which  is  also  treated  as  the  net  heat  between  the  interaction  of  the  free  board  and  the  slag  zone.  The  heat 
generated  by  post  combustion  is  calculated  by  selected  two  certain  distances  above  the  slag  zone,  0.04L  and 
0.08L  and  takes  the  average  temperature  and  Cp.  The  average  temperature  for  these  two  locations  is  1509.8  and 
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1854.2.  Average  Cp  are  2178.3  and  2578.6.  Then  the  super  heat  can  be  calculated  by  using 
=CpT5„g  =1165.8x1773  =  2066963.4 

The  post  combustion  heat  at  z  =  0.05  m  and  z  =  0. 1  m  are 

AHpcz=o.04L  =  C;pTpc3^oo4L  =1509.8x2178.3  =  3288797.3 
^Hpcz=o.08L  ~  ^P'^pcz=o.o8L  =1854.2x2578.6  =  4781240.1 

Such,  the  HTE  can  be  obtained  as  t12=o.04l  =  37.2%  and  t)^^o,08L  =  56.8%  . 

4.  CONCLUSION 

1.  Simulations  of  the  post  combustion  process  inside  a  smelting  furnace  indicate  that  the  distance  between  the 
oxygen  lance  and  the  slag  zone  affects  the  combustion  area  and  temperature  distribution  along  the  furnace 
wall.  The  higher  oxygen  lances  the  more  efficiency  that  the  post  combustion  can  get. 

2.  The  amount  of  the  raw  material  vaporization  near  the  material  inlet  dominates  the  flame  location  and  the 
ignition  temperature  inside  the  furnace.  For  energy  saving,  the  less  amount  of  the  raw  material  vaporization 
is  needed  in  the  material  inlet. 

3.  Flame  temperature  not  only  controlled  by  the  amount  of  the  vapor  of  the  raw  material  but  also  by  that  of  the 
oxygen.  Less  oxygen  will  reduce  the  exhaust  gas  temperature  and  not  necessary  reduces  the  flame 
temperature. 

4.  Post  Combustion  ratio  and  heat  transfer  efficiency  in  this  study  are  based  on  several  assumptions,  although 
these  assumptions  are  not  good  at  accuracy  prediction  of  PCR  and  HTE.  However,  for  the  very  beginning 
study  of  the  bath  type  smelting  furnace,  50%  of  PCR  and  30-60%  of  HTE  are  very  close  to  the  operation 
data. 

5.  To  achieve  more  reality  simulation  of  post  combustion  process  inside  a  smelting  furnace,  a  good  model  of 
the  slag  zone  is  needed,  specially  the  physical  model  for  the  interaction  between  the  free  board  and  slag 
zone. 
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ABSTRACT.  The  efficiency  of  fly  ash  separating  of  the  electrostatic  precipitator(ESP)  in  Yuan  Bao  Shan 
Power  Plant  has  not  reached  the  designed  destination  since  being  put  into  operation,  that  caused  pollution  the 
environment  of  that  district  severely  and  influencing  the  normal  operating  of  the  600MW  generating  unit.  Being 
aimed  at  this,  we  carried  out  a  series  of  research  work  with  the  lab-scale  facility.  A  few  of  new  discoveries  were 
found  and  the  reforming  scheme  was  drafted.  The  content  of  research  work  is  stated  in  this  paper. 

1.  INTRODUCTION 

The  number  2  boiler(1824t/h)  in  Yuanbaoshan  power  plant  includes  the  rotated  air  preheater  and  the  electronic 
precipitator(ESP)  which  is  located  in  the  end  of  the  gas  duct  with  the  double  trumpet  shaped  entrance  boxes. 
The  type  of  the  ESP  is  2x3x56x14x4x300.  Through  several  years  operation,  a  serious  of  problems  was  found. 
Those  problems  result  in  the  decrease  of  efficiency  of  ash  separating,  induce  the  severe  erosion  of  fan  s  scrub 
and  pollute  the  environment  around  the  district.  According  to  the  research  work  having  been  done,  we  realize 
that  one  of  the  main  reasons  is  that  the  distribution  of  gas  velocity  in  the  electron  area  was  obviously  irregular.  If 
the  gas  velocity  is  higher  than  normal,  it  would  be  difficult  to  discharge  ash,  but  if  the  gas  velocity  is  lower  than 
normal,  the  ash  would  deposit  on  the  negative  electrode  line  (electrical  corona)  ,  that  would  reduce  the  current 
as  a  result,  reduce  the  efficiency  of  ash  separate[l].  It  was  proved  by  the  tests  in  situ,  the  root-mean  square  of 
relative  deviation  of  velocity  (see  eq.l)  has  not  reached  the  demanded  value  of  5  =0.25  required  by  the  stand 
DL/T5 14-93.  The  detected  result  was  6  =0.31  which  indicated  the  state  of  gas  distribution  in  the  ESP.  In  order  to 
find  out  the  reason  induce  the  problem  and  then  solve  it,  we  established  a  facility  of  lab-scale  at  The  State 
Engineering  Technology  Research  Center  of  Combustion  of  Power  Plant.  A  lot  of  research  work  aimed  at  the 
fluid-dynamic  characteristic  (especially  in  the  entrance  boxes)  had  been  done  in  the  facility. 


1. preheater  2.duct  3. testing  section  A  4.testing  section  B 

5.entrance  box  of  ESP  6.testing  section  C  V.testing  section  D  8. electrostatic  precipitator  (ESP) 

Fig.l.  Lab-scale  experiment  facility 

The  main  stages  of  research  were  the  following:  The  first,  performed  a  lot  of  cooling  fluid  dynamic  response 
experiments  in  the  precipitator  model  for  searching  the  problems  on  the  related  aspect.  The  second,  in  order  to 
draft  of  prime  schemes  for  transforming  the  ESP,  the  reasons  resulting  in  the  problems  was  analyzed  according 
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to  the  fluid  dynamic  theory.  The  third.  On  the  basis  above,  performed  the  optimizing  experiments  to  confirm  the 
final  scheme  of  reforming  the  structure  of  the  ESP  and  the  related  duct. 

The  system  structure  of  the  lab-scale  experiment  facility  is  illustrated  in  Figure  1.  In  the  trumpet  shaped 
entrance  box,  there  were  four  sections  installed  with  current  regulation  plank,  and  one  section  installed  with  U 
shaped  plank  (see  Fig  3).  In  order  to  simulate  the  entrance  condition,  the  models  of  air  preheater  and  the  duct  to 
the  ESP  was  added  into  the  system. 


2.  SIMULATING  CALCULATION  [2] 


2.1.  Criterion  Eu 

Because  the  prime  reform  schedules  of  the  ESP  during  research  stage  were  based  on  ensuring  the  resistance  to 
be  relatively  stationary,  it  was  not  necessary  to  measure  the  static  pressure  of  the  fluid,  and  the  criterion  Eu 
could  be  ignored. 

2.2.  Criterion  Re 

Because  the  velocity  of  the  gas  in  the  ESP  was  lower,  it  was  difficult  to  reach  the  second  self-simulating  zone, 
so  we  adopt  the  same  Re  value  in  module  as  that  in  the  real  plant. 

2.3.  Geomitrv  Analogy 

The  scale  from  the  module  to  the  real  plant  was  1:8. 

2.4.  Criterion  Stk 

In  the  principal  of  insuring  the  Stk  value  were  the  same  between  the  module  and  real  plant,  the  diameter  of  the 
ash  should  be  55.3pm.  The  ash  from  Shenyang  power  plant  was  used  in  the  experiment  instead  of  the  ash  of 
Yuanbaoshan  power  plant. 

2.5.  Criterion  Fr 

The  air  mass  needed  in  the  lab-scale  experiment  facility  calculated  according  to  the  criterion  Fr  was  smaller  than 
that  based  to  the  criterion  Re.  In  order  to  increase  the  quality  of  fluid  simulating,  the  effect  of  Fr  was  ignored. 
The  Fr  is  chiefly  representative  the  influence  of  gravity.  Because  the  ratio  of  inertia  force  and  gravity  force  to 
the  ash  particle  was  great,  so  it  was  reasonable  to  ignore  the  effect  of  gravity  force,  and  then  the  criterion  Fr 
could  be  ignored. 


3.  THE  CONTENT  AND  ANALYSIS  OF  EXPERIMENTS 
3.1  Method  of  Experiments 

The  experiments  was  divided  into  two  parts,  there  were  aerodynamic  and  air-solid  two-phase  flow  dynamic 
experiment.  The  root-mean  square  of  relative  deviation  of  velocity  of  some  sections  was  tested  in  aerodynamic 
experiments  [1,3].  It  was  defined  as: 

1  n  m  Uij-Uav 

5=[ - SEC - f]^'^  (1) 

nm  1  1  Uav 

where:  m  and  n  represent  the  row  and  column  number  of  the  points  on  the  tested  section  respectively,  Uy 
represents  the  velocity  on  the  intersectional  point  of  i-th  row  and  j-th  volume  on  the  tested  section,  Uav  represents 
the  average  velocity  of  the  tested  section.  The  density  distribution  of  particles  was  tested  with  camera-computer 
image  treatment  system(CCITS)  in  the  two-phase  flow  dynamic  experiment. 

3.2.The  Performance  Characteristic  Of  Original  Structure 
3.2.1.  Aerodynamic  experiment.  Four  sections  were  selected  for  testing  the  velocity  distribution  in  the 
model  as  illustrated  in  Figure  1.  Section  A  was  located  in  the  start  section  of  entrance  box.  Section  B  was 
located  in  the  section  behind  the  first  current  regulation  plank.  Section  C  was  located  in  the  section  behind  the 
fourth  current  regulation  plank,  and  Section  D  was  located  in  the  electric  zone.  The  distance  of  the  two  nearest 
testing  points  on  the  same  section  along  the  row  direction  was  100mm,  and  that  on  the  other  direction  was  the 
same. 
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Table  1.  The  Result  of  Aerodynamic  Experiment  On  Original  Structure 


Section 

A 

B 

C 

D 

8 

0.13 

0.26 

0.12 

0.11 

The  result  of  testing  was  presented  in  Table  1.  From  the  aerodynamic  experiment  result  of  above,  the  function  of 
the  gas  current  regulation  plank  could  be  clearly  presented.  Because  there  were  a  long  straight  duct  before  the 
entrance  box  of  ESP,  the  gas  velocity  on  section  A  was  uniform.  It  was  due  to  the  fluid  spread  suddenly,  the 
value  of  5  on  section  B  was  increased  to  0.26  although  there  was  first  current  regulation  plank  before  section  B. 
But  the  value  of  5  was  greatly  decreased  to  0.12  through  the  other  three  current  regulation  planks,  and  that  of 
section  C  was  0.11.  So,  it  was  proved  that  the  current  regulation  planks  did  have  the  important  function  and 
ability  to  make  the  gas  velocity  into  the  ESP  to  be  uniform. 

3.2.2.Air-solid  two  phase  flow  experiment.  From  the 
result  of  the  experiment,  it  was  found  that  there  was  a  dense 
fly  ash  spray  formed  in  the  entrance  box,  as  illustrated  in 
Figure  2.  The  dense  fly  ash  spray  formed  on  the  duct  bottom 
ahead  of  the  ESP  would  breakdown  the  first  current 
regulated  plank  partly  before  the  section  B  in  the  entrance 
box  of  ESP.  In  the  mean  time,  the  fluid  velocity  would 
increase  in  that  part.  And  that  sped  up  the  erosion  of  the 
current  regulated  planks.  So  the  uniform  velocity  filed  of 
fluid  between  the  electron  boards  was  disturbed  .  This 
situation  was  proved  by  the  result  of  the  inspection  against 
the  real  plant  (  the  current  regulated  planks  were  broken 
down  within  about  two  months  of  operation  in  the  real 
plant). 

It  was  obviously  that  the  efficiency  of  the  fly  ash  separating  Fig.2.  The  image  of  dense  spray  formed 
would  decrease  after  losing  the  efficacy  of  current  regulated  in  original  structure  near  section  B 
planks  with  the  value  of  5  >  0.25  of  the  fluid  between  the 

electron  boards.  In  order  to  ensure  the  value  of  5  <  0.25  of  the  gas  between  the  electron  boards  during  demanded 
period,  some  reformation  must  be  done  to  avoid  the  severe  partly  erosion  of  the  current  regulated  planks. 

3.3.Studv  On  Reform  Scheme 

3.3.1. Reform  scheme.  Through  the  experiment  study  on  the  model  of  original  structure  of  ESP,  it  was 
regarded  that  the  main  reasons  led  to  the  forming  of  dense  fly  ash  spray  in  the  entrance  of  ESP  may  be  as 
follows: 

1 .  There  was  direction  change  of  gas  flow  with  90  °  angle  below  the  air  preheater  as  illustrated  in  Figure  1 .  A 

part  of  particles,  especially  the  bigger  ones,  were  threw  away  to  the  bottom  of  the  horizontal  duct. 


1.  separate  plate  2.  disturbing  object  3.  current  regulation  planks(four)  4.  U  shaped  plank 

Fig.3.  The  optimal  reform  scheme  in  the  duct 
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2.  The  relatively  thick  boundary  layer  on  the  duct  bottom  ahead  of  the  ESP  had  kept  or  developed  the  dense  fly 

ash  spray  formed  on  the  bottom  of  the  duct.  The  principal  of  forming  the  boundary  layer  will  be  discussed 

later. 

A  series  research  work  had  been  done  towards  the  problem  of  the  partly  erosion  of  the  current  regulated  planks. 
The  optimal  reform  scheme  was  drew  up  as  illustrating  in  Figure  3.  Firstly,  install  a  horizontal  separate  plate 
along  the  duct  from  the  central  line  of  air  preheater  exit  to  the  position  before  exiting  the  duct.  The  duct  was 
divided  into  two  separate  parts  on  an  equal  footing  by  the  separate  plate,  and  so  did  the  gas  with  fly  ash  from  the 
preheater.  Thus,  the  fly  ash  density  of  the  dense  fly  ash  spray  would  decrease.  On  the  other  hand,  the  disturbing 
object  was  installed  on  the  end  of  the  horizontal  plat  and  the  duct  bottom  respectively  as  illustrated  in  Figure  3. 
The  dense  fly  ash  spray  would  be  defused  by  disturbing  objects  before  entering  the  entrance  box  of  ESP. 

3.3.2.  Aerodynamic  experiment.  The  result  of  testing 
was  presented  as  Table  2.  It  was  proved  that  the  values  of  5 
in  the  entrance  box  and  electron  filed  were  not  influenced  by 
the  reform  of  duct  compared  with  the  related  data  in  Table 
1.  The  efficiency  of  ash  separating  by  the  ESP  would  not 
decreased  due  to  the  reforming  scheme  in  the  horizon  duct. 

3.3.3.  Air-solid  two-phase  flow  dynamic  experiment. 

Fig.  4  is  one  of  the  images  obtained  during  the  experiment 
with  CCIT  system.  It  was  illustrated  that  there  were  no 
significant  dense  fly  ash  spray  formed  in  the  entrance  box  of 
the  ESP.  This  reform  scheme  would  be  efficiency  to  destroy 
the  dense  fly  ash  spray  in  the  real  plant.  Thus,  the  severe 
partly  erosion  would  be  avoided.  That  extended  the  usage 
life  of  the  current  regulated  planks  and  ensured  the  needed 
efficiency  in  the  required  continuous  operating  period  of  the 

ESP.  The  scheme  of  reforming  the  structure  like  Figure  3  Fig.4.  The  image  of  density  distribute  in 
of  the  duct  was  adopted  by  Yuan  Bao  Shan  Power  Plant.  It  reformed  structure  near  section  B 
was  said  by  the  technologist  in  Yuan  Bao  Shan  that  the 
situation  of  reformed  plant  was  very  well. 


Table  2  The  Result  of  Aerodynamic  Experiment  on  Reformed  Structure 


Section 

A 

D 

6 

0.12 

0.12 

4.  THE  THEORETICAL  ANALYZE  OF  THE  FORMING  OF  DENSE  FLY  ASH  SPRAY 


4.1.  Calculation  On  The  Boundary  Laver  141 

On  the  real  plant,  the  velocity  of  the  gas  in  the 
horizontal  duct  between  the  air  preheater  and 
ESP  was  nearly  lOm/s.  The  particles  would  be 
in  the  suspended  status.  It  is  impossible  to 
deposit  on  the  bottom  of  the  duct  owing  to 
gravity.  So,  the  chief  reason  why  the  dense  fly 
ash  spray  exists  is  the  boundary  layer  on  the 
duct  bottom.  Boundary  layer  is  combined  with 
stratum  boundary  layer  and  turbulent  boundary 
layer  as  illustrate  in  Figure  5.  The  point  of 
conversion  from  stratum  to  turbulent  would  be 
confirmed  by  the  value  of  Re,( ,  normally  in  the 
range  of  5x10^-3x10^. 


Fig.5.  The  composition  of  theoretic  boundary  layer 


Rex=  VX/v 


(2) 
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where,  V  represents  the  velocity  of  the  gas(m/s),  X  represents  the  distant  from  a  certain  point  to  the  start  point 
on  the  plank(m),  v  represents  the  kinematic  viscosity  of  the  gas(m^/s). 

In  the  calculation,  the  interfering  to  the  initial  condition  by  the  air  preheater  was  ignored,  and  it  was  supposed 
that  the  fluid  space  was  limitless  on  the  up  direction.  In  the  horizontal  duct  of  the  real  plant,  if  Rex=5  X 10  , 
v=25.66X10'^  m^/s,  V=9.06m/s,  than  X=1.4m  .  It  is  demonstrated  that  the  part  of  stratum  boundary  layer  is 
very  short  compared  with  the  length  of  the  whole  plank  of  18m.  The  boundary  layer  on  the  bottom  of  the  duct 
can  be  considered  as  the  turbulent  boundary  layer.  So,  the  theory  about  the  turbulent  boundary  layer  can  be 
applied  to  calculate  the  thickness  of  the  boundary  layer  on  the  bottom  of  the  duct  approximately  as  the  following 
equality. 

8=0.37X(vA^X)‘^^  (3) 

According  to  eqn(3),  the  maximum  thickness  on  the  end  of  the  duct(X=18m)  would  be  0.29m.  The  practical 
thickness  of  the  boundary  layer  in  the  duct  would  be  thinner  than  0.29m  due  to  the  ignored  factors. 

4.2.  The  Reasons  of  the  Particle  Concentration  in  the  Boundary  Layer 

The  chief  reasons  of  forming  the  dense  fly  ash  spray  due  to  the  existing  of  boundary  layer  are  presented  as 
follows: 

1.  There  was  direction  change  of  gas  flow  with  90°  angle  below  the  air  preheater  as  illustrated  in  figure  1.  A 
part  of  particles,  especially  the  bigger  ones,  were  threw  away  to  the  bottom  of  the  horizontal  duct. 

2.  The  diffusion  coefficient  of  the  gas  in  the  main  stream  is  greater  than  that  in  the  bounder  layer.  So  it  is 
difficult  for  the  particles  moving  from  the  boundary  layer  to  the  main  stream,  but  it  is  easy  on  the  opposite 
direction.  The  relatively  thick  turbulent  boundary  layer  on  the  duct  bottom  ahead  of  the  ESP  had  kept  or 
developed  the  dense  fly  ash  spray  formed  on  the  bottom  of  the  duct. 

3.  Because  of  the  inertia,  most  of  the  particles  forming  the  dense  fly  ash  spray  would  not  keep  pace  with  the 
spread  gas  in  the  entrance  box  of  ESP,  and  impact  on  the  current  regulated  planks  directly. 

It  is  clearly  that  the  boundary  layer  must  be  destroyed  before  entering  the  entrance  box  of  ESP  in  order  to 
diffuse  the  dense  fly  ash  spray. 


5.  CONCLUTIONS 

It  was  proved  that  the  current  regulation  planks  did  have  ability  to  make  the  gas  velocity  into  the  ESP  to  be 
uniform  under  the  normal  conditions. 

One  of  the  chief  problems  induced  the  decrease  efficiency  of  the  ESP  was  that,  there  was  a  dense  fly  ash  spray 
formed.  That  broke  down  the  current  regulated  plank  partly  in  the  entrance  of  ESP  rapidly,  and  the  uniform 
velocity  of  fluid  between  the  electron  boards  was  disturbed. 

The  reform  scheme  as  illustrated  in  figure  3  would  be  efficiency  to  destroy  the  dense  fly  ash  spray  in  the  real 
plant.  Thus,  the  severe  erosion  partly  would  be  avoided.  That  extended  the  usage  life  of  the  current  regulated 
plank  and  ensured  the  needed  efficiency  in  the  required  continuous  operating  period  of  the  ESP. 
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ABSTRACT.  This  paper  provides  the  results  of  experimental  investigations  on  the  electron-emitting 
characteristics  of  the  Non-corona  High  Temperature  and  High  Pressure  Electrostatic  Precipitator  (NHTHPESP). 
The  tests  were  carried  out  on  the  pilot  NHTHPESP  equipped  with  an  oil-fired  combustor  which  uses  a  kind  of 
light  diesel  oil  as  fuel.  Conclusions  with  respect  to  the  influence  of  different  operating  parameters  on  the  thermal 
emission  properties  of  the  emitter  are  drawn.  The  performance  of  NHTHPESP  is  also  investigated. 

1.  INTRODUCTION 

The  application  of  new  technologies  in  power  plants,  such  as  PFBC,  results  in  great  efficiency.  On  the  other 
hand,  there  are  a  few  problems  to  solve,  including  the  ash-removing  of  coal-boiler  flue  gases  at  high  temperature 
and  high  pressure.  The  use  of  Corona  Electrostatic  Precipitators  (CESP)  for  collecting  fly  ash  from  pulverized 
coal  combustion  is  a  conventional  method  in  power  plant  environmental  control.  In  these  devices,  the  ash  is 
charged  by  the  ions  formed  through  the  corona  effect  on  the  high  voltage  emitting  electrodes,  and  the  charged 
ash  is  collected  by  grounded  plates  under  the  action  of  the  electric  field.  Due  to  the  high  voltage  causing  corona, 
the  application  of  CESP  would,  under  high  temperature  and  high  pressure,  come  up  against  many  difficulties, 
such  as  electricity  insulation,  the  stability  of  operation,  etc. 

The  NHTHPESP  is  a  new  dust-removing  technique  invented  by  the  Thermoenergy  Engineering  Research 
Institute  of  Southeast  University.  It  utilizes  the  thermoelectrons  emitted  by  some  particular  materials  to  charge 
dust  particles,  instead  of  the  corona  discharge  in  traditional  CESP.  The  charging  section  is  one  of  the  key 
components  in  the  NHTHPESP.  Whether  the  dust  particles  can  get  sufficient  electronic  charge  depends  on  if  the 
emitter  used  as  the  negative  electrode  can  continually  and  steadily  emit  enough  electrons.  In  this  presentation, 
the  effect  of  different  variables  on  the  thermoelectron  emission  properties  is  investigated  and  the  results  of 
precipitation  tests  for  evaluating  the  performance  of  NHTHPESP  are  also  provided. 

2.  DESCRIPTION  OF  THE  PILOT  FACILITY 


Fig.l.  The  diagrammatic  sketch  of  the  pilot  NHTHPESP 
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The  pilot  NHTHPESP,  whose  characteristics  are  described  in  Table  1,  was  conceived  as  a  versatile  unit  that 
allows  testing  different  variables,  with  which  to  analyze  the  precipitator’s  properties  in  various  conditions.  It  is 
equipped  with  an  automatic  control  system  of  the  most  important  operating  parameters,  such  as  gas  flow, 
temperature,  pressure,  voltage,  etc.  The  facility  includes  three  chief  components  (see  Fig.l).  In  order  to  make 
the  study  more  close  to  industrial  reality,  the  oil-fired  combustor  was  used  to  supply  the  high  temperature  and 
high-pressure  flue  gas  circumstances  for  the  research.  In  charging  section,  18  emitters  which  will  give  off 
electrons  when  heated  by  the  exterior  are  uniformly  distributed  on  the  two  sides  of  a  steel  plate  called  emitting 
plate.  The  plate  hung  in  the  middle  of  the  passage  is  used  as  negative  electrode  and  the  grounded  duct  wall 
parallel  to  that  as  positive  one.  To  obtain  adequate  emission  current  density,  a  small  amount  of  voltage  is  applied 
between  the  two  electrodes.  When  the  flue  gas  stream  mixed  with  dust  particles  (the  coal-boiler  fly  ash  of 
Nanjing  Xiaguan  Power  Plant)  pass  through  the  emitting  zone,  the  particles  will  capture  the  electric-charges 
from  the  emitters.  In  precipitation  section,  those  charged  particles  are  removed  by  the  effect  of  the  strong 
electric  field  force. 


Table  1.  Design  characteristics  of  the  pilot  NHTHPESP 


Combustion  Chamber  Dimensions 

Diameter  (mm) 

250 

Length  (mm) 

400 

Configuration  of  Charging 

Section 

Length  (mm) 

640 

Width  (mm) 

70 

Height  (mm) 

Emitting  Plate  Dimensions 

140 

Length  (mm) 

400 

Width  (mm) 

90 

Thickness  (mm) 

Emitter  Dimensions 

12 

Diameter  (mm) 

21.4 

Thickness  (mm) 

4 

Configuration  of  Precipitation  Section 

Length  (mm) 

1200 

Width  (mm) 

70 

Height  (mm) 

140 

Negative  Electrode  Plate  Dimensions 

Length  (mm) 

940 

Width  (mm) 

80 

Thickness  (mm) 

12 

Operating  Conditions 

Temperature  (°C) 

300-800 

Pressure  (MPa) 

0.1 -0.6 

Gas  flow  (Nm^/h) 

48.7 

Charging  section  voltage  (Kv) 

0.2-3 

Precipitation  voltage  (Kv) 

12 

3.  RESULTS  AND  DISCUSSION 


V-I  Characteristics  u  •  • 

The  V-I  curves  corresponding  to  different  temperature  and  pressure  conditions  are  shown  in  Fig.  2,  where  it  is 
clear  that  the  thermal  emission  current  density  increases  with  the  growth  of  the  charging  section  voltage,  which 
is  similar  to  what  happens  in  CESP.  Increasing  the  temperature  also  causes  the  rise  of  the  current  density, 
showing  that  the  electron-emitting  properties  of  NHTHPESP  can  be  improved  by  raising  the  temperature  of  flue 
gases.  Contrary  to  this,  the  current  density  decreases  when  pressure  goes  up.  As  is  shown  in  Fig.  2.  (d),  the 
current  density  corresponding  to  0.6Mpa,  3CX30v  and  850°C  is  at  least  of  the  order  of  one  more  than  that  of  the 
CESP  which  has  been  founded  so  far,  indicating  that  the  electricity  insulation  problem  in  NHTHPESP  is  easily 
solved  because  of  the  low  operating  voltage,  and  the  dimensions  can  also  be  greatly  decreased. 

Influence  Of  Temperature 

Fig.3  illustrates  the  characteristics  of  the  emission  current  density  as  a  function  of  temperature.  There  is  a  little 
current  when  the  temperature  of  the  emitter  is  lower  than  700°C,  and  the  current  density  increases  abruptly 
when  the  temperature  is  more  than  700°C.  As  a  result  of  that,  it  is  believed  that  the  critical  ermtting  temperature, 
above  which  a  large  quantity  of  electrons  are  given  off,  is  about  700°C.  In  addition,  comparing  the  Id-t  curves 
obtained  at  both  operating  pressures,  the  curve  B  from  O.lMPa  indicates  a  considerable  increase  in  slope  with 
respect  to  the  curve  A  corresponding  to  0.6Mpa,  showing  the  influence  of  temperature  on  the  emission  current  is 
smaller  at  high  pressure  than  that  at  low  pressure. 
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Influence  of  Pressure  .  j  ■ 

The  influence  of  pressure  on  the  emission  current  density  is  shown  in  Fig.4.  At  low  pressure,  the  current  density 
declines  rapidly  with  the  rise  of  the  operating  pressure.  Then,  the  curves  begin  to  reduce  their  slope  gradually. 
Also,  comparing  the  -P  curves  produced  by  both  operating  temperatures,  that  corresponding  to  300°C 
presents  considerable  reduction  in  slope  with  respect  to  that  from  850°C,  indicating  that  the  effect  of  pressure  on 
the  emission  current  is  greater  at  high  temperature  than  that  at  low  temperature. 


(a)  V=3000v  (b)  V=200v 


Fig.4.  Effect  of  pressure  on  the  emission  current  density 


Stability  of  the  Cathode  Emission  Property  ,  j  J  i 

The  performance  of  NHTHPESP  is  significantly  dependent  on  whether  the  emitter  can  continually  and  steadily 
give  off  electrons.  Fig.5  shows  the  characteristics  of  the  current  density  from  the  emitting  plate  as  a  function  of 
time  at  0.6  MPa  and  850°C  The  emission  current  density  decreases  abruptly  at  initial  stage,  and  then  the 


Fig.5.  Variance  of  the  emitting  property  with  time 

curve  begins  to  reduce  its  slope,  showing  an  apparently  asymptotic  tendency  toward  stabilization  with  the 
growth  of  time.  The  sudden  decline  in  the  emission  current  at  early  stage  is  mainly  due  to  the  inevitable  changes 
in  the  physical  and  chemical  properties  of  emitter,  which  result  in  the  drop  of  its  emitting  ability.  With  the 
increase  of  time,  the  material  properties  tend  to  be  stable  and  therefore  the  emitter  gives  off  electrons  steadily  at 


1654 


the  constant  operating  conditions.  From  Fig.5,  it  is  also  founded  that  the  current  density  from  emitter,  in  spite  of 
a  considerable  decline  at  beginning,  is  still  about  28pA/cm^  at  stable  state,  which  is  10  times  higher  than  that  of 
common  CESP.  As  a  result,  it  is  believed  that  the  Non-corona  Electrostatic  Precipitator  can  work  effectively  at 
high  temperature  and  high  pressure  conditions  for  a  long  time. 

Performance  of  NHTHPESP 

In  order  to  investigate  the  practicality  of  NHTHPESP,  the  ash  collection  tests  were  carried  out  on  the  pilot 
facility  (see  Fig.l  and  Tablel).  The  experimental  conditions  are  shown  in  Table2.  Fig.6  illustrates  that  the  ash 
collection  efficiency  goes  up  with  the  increase  of  temperature,  due  to  the  rise  of  the  emission  current  density  in 


n  i%) 


Fig.6.  Variance  of  efficiency  with  temperature  Fig.7.  ti-V  curve  for  850°C 

for  12Ky(precipitation  section  voltage) 


Table  2.  Operating  Conditions  For  Ash  Collection  Test 


Pressure  (Mpa) 

0.6 

Gas  velocity  (m/s) 

1.0 

Charging  section  voltage  (Kv) 

3 

Temperature  (°C) 

300-800 

Gas  flow  (Nm^/h) 

48.7 

Precipitation  section  voltage(Kv) 

7.5-12 

this  case.  As  is  shown  in  Fig.7,  the  efficiency  can  be  increased  through  raising  the  precipitation  voltage,  which 
is  similar  to  what  happens  in  CESP.  Also,  from  Fig.6  and  Fig.7,  it  is  confirmed  that  the  Non-corona  Electrostatic 
Precipitator  is  specially  suitable  for  high  temperature  occasions,  and  in  spite  of  high  pressure(0.6Mpa),  its 
efficiency  is  more  than  90%  so  long  as  the  temperature  is  above  750°C. 

4.  CONCLUSIONS 

The  influence  of  various  operating  parameters  on  the  electron-emitting  characteristics  of  the  emitter  material 
and  the  performance  of  NHTHPESP  are  investigated  experimentally.  The  results  founded  from  the  experiments 
are  summarized  as  follows: 

1)  Temperature  has  a  great  influence  on  the  emitting  properties.  There  is  a  little  emission  current  density  when 
the  temperature  of  the  emitter  is  lower  than  700°C,  and  it  increases  abruptly  with  the  rise  of  temperature  as 
the  temperature  is  above  700°C. 

2)  The  significant  decrease  of  the  emission  current  density  due  to  the  increase  of  the  pressure  is  observed  at 
various  conditions.  The  effect  of  the  voltage  applied  between  the  emitting  plate  used  as  negative  electrode 
and  the  positive  plate  on  the  emission  current  is  also  considerable. 

3)  The  emitting  material  developed  is  practical  in  high  temperature  and  high-  pressure  occasions. 

4)  The  Non-corona  Electrostatic  Precipitator  is  available  under  high  pressure.  It  is  especially  suitable  to  high 
temperature  situations. 
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ABSTRACT.  Hot  gas  cleanup  is  a  key  technology  of  improving  efficiency  for  IGCC  and  PFBC-CC  systems. 
This  paper  is  a  study  of  the  moving  granular  bed  filter  that  is  one  of  the  greatest  potential  technologies  for  hot 
gas  dust  removal.  The  flow  process  and  filtration  mechanisms  of  the  moving  granular  bed  filter  were  studied, 
and  filtration  characteristics  were  described.  Experimental  studies  on  high  temperature  dust  removal  on  the  test 
system  of  the  moving  granular  bed  filter  without  screen  had  been  done.  The  relationship  between  the  filter 
characteristics  and  main  affecting  factors  were  found.  The  study  showed  that  the  moving  granular  bed  filter  can 
remove  particles  from  hot  gas  continuously,  and  lead  to  high  efficiency  after  optimized.  This  study  will  provide 
a  basis  for  the  moving  granular  bed  filter  for  applications  in  hot  gas  cleanup. 

1.  BACKGROUND 

The  Integrated  Coal  Gasification  Combined  Cycle  (IGCC)  and  the  Pressurized  Fluidized  Bed  Combustion- 
Combined  Cycle  (PFBC-CC)  have  high  efficiency  and  low  emission,  so  they  are  one  of  the  most  promising 
clean  coal  power  generation  technologies  in  21“  century.  Hot  gas  cleanup  is  a  key  technology  to  improve 
efficiencies  of  IGCC  and  PFBC  systems,  but  it  has  not  been  commercialized  now[l].  Hot  gas  cleanup  systems 
are  concerned  with  the  control  of  particulate,  H2S  (or  SO2),  NH3  and  alkali  metal  in  synthetic  gas  (or  flue  gas)  at 
high  temperatures  and  pressures(HTHP).  The  paper  studies  on  dust  removed  from  hot  gas. 

Hot  gas  cleaning  must  meet  both  gas  turbine  specifications  and  environmental  standards.  Maximum  gas  turbine 
inlet  concentrations  are  considered  to  be  approx.  10  mg/m^STP  for  particles  larger  than  5  pm  and  1  mg/m^srp  for 
particles  larger  than  10  pm  [2,3].  This  specification  is  more  stringent  than  environmental  standard,  so  hot  gas 
dust  removal  must  meet  gas  turbine  specification.  There  are  many  techniques  under  development  for  hot  gas 
dust  removal,  such  as  cyclones,  electrostatic  precipitators(ESPs),  wet  scrubbers,  metal  filters,  ceramic  candle 
filters  and  moving  granular  bed  filters(MGBF)  [4].  Among  these  techniques,  ceramic  candle  filters  and  moving 
granular  bed  filters  have  the  greatest  potentials.  Ceramic  candle  filters  can  remove  most  particles  larger  than  5 
pm,  but  its  filter  elements  suffer  from  microcrack  formation  during  high  temperature  testing  due  to  thermal  and 
mechanical  fatigue.  Apart  from  these  problems,  chemical  attack  on  ceramic  filter  materials  or  composites  by 
alkali  metals,  steam  and  trace  elements  may  be  problems  for  long-term  use.  MGBF  has  good  performance  at 
HTHP,  and  the  possibility  of  continuous  regeneration  in  MGBF  systems  makes  granular  bed  filtration  an 
attractive  option  for  continuous  gas  cleaning  purposes.  However,  MGBF  is  far  from  optimal:  the  complexity  of 
the  solids  handing  and  filter  material  cleaning  system,  effects  of  operation  facts  and  structure  facts  on  filter 
performance.  This  paper  researched  on  optimizing  structure  and  operating  parameters  to  improve  MGBF’s 
performance  by  an  experimental  study. 


2.  EXPERIMENTAL  SYSTEM 

Fig.  1  is  the  high  temperature  dust  removal  experimental  system  of  MGBF  without  screen.  The  diameter  of  the 
filter  was  0.45m  and  the  height  of  the  filter  was  1.50m.  The  gas  stream  between  30  to  300  m^sTp/h  could  be  used 
as  filter  gas  flow,  which  corresponded  to  filter  velocities  between  0.066  to  0.66  m/s.  There  were  four  distributor 
legs  for  the  filtration  media  flowing  into  the  filter  to  make  the  bed  well-distributed. 

A  high  temperature  electric  heater  could  heat  the  airflow  from  20°C  to  900°C .  An  aerosol  generator  was  used 
to  produce  a  dust-laden  airflow  that  was  fed  to  the  filter.  Dust  concentration  could  be  50  mg/  m^srp  to  30  g/ 
m^sTP.  The  bed  material  recirculation  and  regeneration  system  consisted  of  an  injector  driven  by  pressurized  air, 
a  pneumatic  conveying  line,  an  inertial  separator  and  a  dust  collector.  The  filter  material  was  collected  in  a 
recollect  vessel.  The  transport  air  flowed  through  a  dust  collector,  and  went  out  of  the  system.  The  clean  gas  out 
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from  the  filter  was  cooled  to  70~80°C,  then  flows  through  a  sampling  collector.  Used  by  the  SKC-2000  optical 
particle  counter,  the  inlet  and  outlet  particle  size  distributions  were  analyzed. 
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1. Air  inlet  2.Heater  3. Aerosol  generation  4.MGBF  5.Injector  b.Pneumatic  conveying  line 
T.Inertial  separator  8. Dust  collector  9.Cooler  lO.Sampling  collector  ll.By  pass  line  12.Row  meter 

Fig.l.  The  high  temperature  dust  removal  experimental  system  of  the  moving  granular  bed  filter 

3.  RESULTS  OF  OPTIMIZATION  TESTS 

3.1  The  Parameters  of  the  Optimization  Tests 

The  parameters  of  the  optimization  tests  were  as  follows. 

The  filter  bed  material:  Silicon  Carbide  and  AI2O3 
The  gas  flow  rate:  50-150  m^srp/h 
The  dust  concentration:  10  g/  m^srp 
Test  temperature:  600°C 

3.2  Effects  of  Some  Facts  on  the  Filter  Pressure-Drop 

Fig.2  shows  the  effects  of  the  length  of  the  gas  inlet  tube  under  the  bed  material  surface  on  the  filter  pressure- 
drop.  The  experimental  results  show  that  the  filter  pressure-drop  increases  with  the  increasing  length  of  the 
inserted  inlet  tube.  The  pressure-drop  is  4kPa  with  a  400mm  inserted  length. 

Fig.  3  is  the  test  result  for  the  bed  transport  rate  affecting  the  filter  pressure  drop  at  a  given  inserted  length  of 
200mm.  The  experimental  results  show  that  the  filter  pressure  drop  decreases  as  the  bed  transport  rate  is 
increased,  but  it  didn’t  profit  for  the  filter  efficiency. 

Fig.4  shows  the  effect  of  dust  concentration  in  gas  on  the  filter  pressure  drop.  Fig.5  shows  that  the  filter’s 
critical  fluidized  velocity  is  about  0.9m/s  at  l.Okg/min  bed  transport  rate. 

3.3  The  Selection  Characteristics  of  the  Filter  Efficiency  for  the  Particle  Size 

Figs.  6-10  are  the  experimental  data  on  the  effect  of  operating  parameters  on  the  filter  efficiency.  These  tests 
show  the  following  results. 

1.  The  grading  filtration  efficiency  is  a  function  of  particle  size.  There  is  a  lower  efficiency  range  (80%~90%) 
on  all  test  curves,  which  correspond  to  0.5~lnm  particle  sizes.  The  grading  filtration  efficiency  increases 
for  particles  smaller  than  0.5|Jm,  because  the  diffusion  separation  mechanism  is  more  important  for  very 
small  particles.  The  grading  filtration  efficiency  can  reach  to  98.5-99.5%  for  particles  larger  than  10pm,  but 
for  particles  larger  than  1pm  and  smaller  than  10pm,  which  are  dominated  by  inertial  impaction, 
interception  and  gravitation  mechanisms,  the  filtration  efficiency  decreases  quickly  with  decreasing  particle 


The  size  of  the  material:  l-2mm 
The  bed  transport  rate:  0- 1 .5kg/min 
The  dust  size:  <  100pm 
Test  pressure:  atmospheric 
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The  grading  filtration  efficiency/g/g 


size. 

2.  The  total  efficiency  of  the  filter  increases  0.4  percent  as  the  dust  concentration  increases  from  0.5  g/  m^stp 
to  1.5  g/  m^sTP,  and  the  grading  filtration  efficiency  for  small  particles  increases  due  to  inertial  impaction 
and  agglomeration. 

3.  The  valley  of  test  curves  is  more  obvious  and  moves  toward  right  varying  with  the  increase  in  gas  flow  rate 
increase.  It  means  that  the  grading  filtration  efficiency  for  small  particles  decreases  with  the  increase  in  gas 
flow  rate. 


0  50  100  150  0  50  100  150 


Gas  flow  rate  /  m’s^p/h  Gas  flow  rate  /  m’sn./h 

Fig.2.  The  length  of  the  gas  inlet  tube  under  the  bed  Fig.3.  The  bed  moving  rates  affecting 
surface  affecting  the  filter  pressure  drop  the  filter  pressure  drop 


Gas  flow  rate  /  m's^h  filtration  velocity/m/s 


Fig.4.  The  dust  concentration  in  the  gas  Fig.5.  The  experiment  of  the  filter 

affecting  the  filter  pressure-drop  critical  fluidized  velocity 


Particle  diameter/pm  djaj^eter/um 


Fig.6.  The  filtration  efficiency  of  MGBF  Fig.7,  The  filtration  efficiency  of  MGBF 
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'I'lie  grading  filtration  cfficicncy/g/g  The  grading  filtration  efficicncy/g/g 


Fig.8.  The  filtration  efficiency  of  MGBF 


Fig.lO.  The  filtration  efficiency  of  MGBF 


Fig.9.  The  filtration  efficiency  of  MGBF 


Fig.ll.  The  effect  of  the  filtration  velocity 
on  the  grading  filtration  efficiency 


3.4  The  Effect  of  the  Filtration  Velocity  on  the  Filtration  Efficiency 
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Fig.l2.  The  effect  of  the  filtration  velocity  on  the  grading  filtration  efficiency 


The  surface  filtration  velocity  is  an  important  factor  affecting  the  performance  of  MGBF.  Fig.  11  is  the  test  result 
of  the  effect  of  the  surface  filtration  velocity  on  the  grading  filtration  efficiency.  For  Spm  particles,  the  grading 
filtration  efficiency  decreases  from  99.0%  to  89%  as  the  surface  filtration  velocity  increases  from  O.llm/s  to 
0.44m/s.  The  grading  filtration  efficiency  has  not  change  much  for  the  particles  larger  than  lOpm  particles  in  the 
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specifically  velocity  range.  The  reason  is  that  the  penetration  ratio  increases  but  the  inertial  impaction  also 
increases  at  higher  filtration  velocity  for  particles  larger  than  lOpm.  However,  if  the  velocity  increases  beyond 
the  specifically  velocity  range,  the  grading  filtration  efficiency  decreases  too. 

Figl2  shows  the  effect  of  the  surface  filtration  velocity  on  the  grading  filtration  efficiency.  For  10pm  particles, 
this  test  result  is  similar  to  Fig.  11.  For  5|jm  particles,  the  test  curve  has  an  obvious  valley,  which  is  due  to  the 
inertial  impaction  and  interception  and  the  porosity  of  the  bed  both  increasing  at  larger  velocity.  For  Ipm  and 
0.1pm  particles,  the  diffusion  is  the  main  mechanism,  so  the  curves  of  the  filtration  efficiency  vs.  the  filtration 
velocity  are  smooth. 


4.  CONCLUSIONS 


The  following  conclusions  can  be  drawn: 

1 .  A  necessary  condition  of  MGBF  without  screen  is  that  the  surface  filtration  velocity  must  be  lower  than  the 
critical  fluidized  velocity,  which  is  0.9~1.0m/s  for  this  test  facility.  The  test  shows  that  MGBF  can  get  the 
high  efficiency  and  the  reliable  filtration  performance  at  0.11~0.44m/s  filtration  velocity. 

2.  After  optimized,  the  total  quality  filtration  efficiency  of  MGBF  can  approach  99.5-99.9%.  The  grading 
filtration  efficiency  could  be  larger  than  99.6%  for  the  particles  larger  than  10  pm,  but  may  be  95.0-98.5% 
for  the  particles  smaller  than  10  pm. 

3.  There  is  a  valley  on  the  test  curves  of  the  grading  filtration  efficiency,  which  corresponds  to  0.5- 1.0  pm 
particles.  For  applying  to  IGCC  and  PFBC  system,  MGBF  should  focus  on  improving  the  efficiency  for 
1 .0- 10pm  particles. 

4.  The  grading  filtration  efficiency  decreases  with  the  increase  in  surface  filtration  velocity.  The  effect  of  the 
surface  filtration  velocity  on  the  grading  filtration  efficiency  is  obvious  for  particles  smaller  than  10pm,  but 
is  little  for  the  particles  larger  than  10pm.  There  is  a  optimal  filtration  velocity  for  MGBF,  the  lower  velocity 
will  lead  to  the  higher  efficiency  and  higher  cost,  or  conversely,  the  higher  velocity  will  lead  to  the  lower 
efficiency  and  lower  cost. 
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ABSTRACT.  A  mathematical  model  of  our  batch-fed  PFBC  was  developed  incorporating  the  processes  of  char 
oxidation  and  secondary  fragmentation  during  char  combustion,  but  assuming  that  the  loss  of  carbon  by 
elutriation  was  negligible  compared  with  the  carbon  consumption  by  oxidation.  A  sensitivity  analysis  was 
carried  out  to  determine  the  important  parameters  in  the  model  prediction  of  carbon  loading. 

1.  INTRODUCTION 

Pressurized  Fluidized  Bed  Combustion  (PFBC)  is  a  commercial  clean  coal  technology  utilizing  combined  gas 
turbine  and  steam  turbine  cycles  to  increase  the  efficiency  of  electricity  production  from  coal.  Preliminary 
assessment  of  Australian  coals  showed  that  they  should  be  suitable  for  use  in  PFBC  [1,  2],  although  low 
combustion  efficiency  was  identified  as  a  potential  disadvantage.  The  elutriation  of  unburned  char  from  ProC  is 
the  main  cause  of  combustion  inefficiency  and  may  also  contribute  to  the  ‘sticky  ash’  problems  in  the  ceramic 
hot  gas  filters  by  causing  combustion  and  increased  temperature  in  the  filter  cake.  Attrition  rates  from 
atmospheric  pressure  fluidized  bed  combustion  are  proportional  to  the  bed  carbon  loading  [3],  so  we  are 
investigating  the  in-bed  char  combustion  in  PFBC  to  predict  this  in-bed  carbon  loading  to  enable  extrapolation 
of  the  elutriation  data  from  our  laboratory-scale  PFBC  to  industrial-scale. 

The  mathematical  model  of  in-bed  char  combustion  processes  was  developed  to  predict  the  carbon  loading  of  a 
batch  of  uniformly-sized  coal  particles  fed  to  our  laboratory-scale  PFBC  rig.  A  sensitivity  analysis  has  been 
carried  out  to  rank  the  parameters  in  the  model,  and  the  more  important  parameters  will  be  investigated  further 
experimentally  in  order  to  improve  the  model  prediction  of  carbon  loading. 

2.  MODELING  OF  IN-BED  CHAR  COMBUSTION  IN  PFBC 

2.1  Model  Assumptions 

Several  assumptions  were  made  during  the  model  development: 

1 .  Char  combustion  includes  two  sub-processes  -  char  oxidation  and  secondary  fragmentation; 

2.  Char  is  non-swelling  and  acts  like  a  shrinking  sphere  during  char  oxidation; 

3.  Plug  flows  occur  in  both  emulsion  and  bubble  phases; 

4.  Elutriable  amount  of  carbon  is  negligible; 

5.  The  overall  reaction  for  carbon  oxidation  is  expressed  as  follows 

e  C+O2  2(9-1)  CO  -t  (2-0)  CO2 

6.  Char  oxidation  is  an  nth  order  reaction  with  respect  to  O2; 

7.  Both  local  mass  transfer  and  char  surface  reaction  control  the  burning  rate  of  carbon  during  the 
combustion  of  char  particles; 

8.  There  is  no  temperature  gradient  in  char  particles  at  any  time  during  the  combustion  process; 

9.  Char  is  uniformly  distributed  throughout  the  emulsion  phase. 

2.2  Model  Development 

2.2.1  Char  oxidation  submodel.  The  transfer  of  oxygen  between  bubble  and  emulsion  phases  includes 
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two  steps  -  interphase  transfer  and  local  transfer  from  emulsion  phase  to  the  surface  of  char  particles.  The 
interphase  transfer  between  bubble  phase  and  emulsion  phase  can  be  expressed: 


-Ub^=Kbe(Cb-Ce„) 

dy 


(1) 


where  Ub  is  bubble  velocity,  Cb  and  Cem  are  oxygen  concentrations  in  bubble  and  emulsion  phase,  respectively. 
Kbe  is  the  effective  interphase  mass  transfer  coefficient  calculated  with  Sit’s  correlation  [4]: 


( 


Kbe=-^  + 


V/2 


^Pg^mf  Ub 
nDb 


(2) 


Char  oxidation  rate,  r,;,  defined  as  the  mass  of  carbon  consumed  per  second  per  unit  external  surface  area  of  the 
char  particle  (mol/sm^),  can  be  related  to  the  local  transfer  of  oxygen  and  the  apparent  kinetics  as  follows: 

r,=ekg(Cen,-Cp)=k3  Cp"  (3) 

where  Cp  (mol/m^)  is  the  oxygen  concentration  on  the  external  surface  of  the  char  particle,  kg  (m/s)  is  the  local 
gas  mass  transfer  coefficient  (Sh=kgd/D),  0  is  the  ratio  of  carbon  moles  to  O2  moles  consumed  during  char 
oxidation,  n  is  apparent  reaction  order,  and  k;  is  external  surface  area-based  reaction  rate  constant. 


Based  on  the  method  of  Smith  [5],  k;  can  be  calculated  from  the  intrinsic  reaction  rate  constant  (  kj  )  and  char 
properties  as  follows; 


2SEDEki 

m-t-1 


^0.5 


(4) 


ki=ATp"’exp(-E/RTp)  (5) 

where  m  is  true  reaction  order,  n=(m+l)/2,  A  is  pre-exponential  factor,  E  is  activation  energy  and  Tp  is  char 
particle  temperature,  Sg  is  the  effective  pore  area  for  combustion  per  unit  volume,  Dg  is  the  diffusion  coefficient 
of  oxygen  within  the  solid  carbon.  A,  E,  Se  and  De  are  char-related.  In  this  work,  Se  has  been  taken  as  2.28x10^ 
m^/m^,  and  De  is  calculated  with  the  method  of  Miccio  [6]  using  a  median  pore  diameter  (volume)  of  3.33pm, 
based  on  the  properties  of  one  Australian  coal  char  produced  under  PFBC  conditions. 

An  oxygen  balance  on  an  infinitesimal  height  of  the  whole  bed,  assuming  negligible  diffusion  in  the  axial 
direction,  gives: 


U, 


dC, 


dy 


.p  INd^k,,d^7idi2Cp,d," 

dCu  ;_i  ‘  ^  ' 

•UbEb —  + 


dy 


0AvH 


=  0 


(6) 


where  nj  is  the  number  of  boxes  for  storing  char  particles  with  different  diameters,  Nji  is  char  particle  number 
with  a  diameter  of  dj,  kg  di  is  the  apparent  reaction  rate  constant  of  a  char  particle  with  a  diameter  of  dj,  and  Cp,di 
is  oxygen  concentration  on  the  external  surface  of  a  particle  with  a  diameter  of  di. 

Bed  hydrodynamics  are  described  by  the  modified  two-phase  model  of  Cai  [7,  8].  Umf  is  calculated  with  Grace’s 
correlation  [9]: 
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Re^jf  =V27.22+0.0408Ar-27.2  (7) 

The  temperature  of  a  char  particle  with  a  diameter  of  d  is  calculated  by  solving  the  steady-state  energy  balance: 

r^H,  -h(Tp  -Tb)-0eehar{Tp^  -Tb")=0  (8) 

where  Hr  is  the  heat  of  reaction  (J/mol  carbon)  calculated  from  the  formation  enthalpies  of  products  and  reactant 
gas,  h  is  the  heat  transfer  coefficient  (W/m^K),  Tp  is  char  particle  temperature  (K)  and  Tb  is  bed  temperature(K), 
Echar  is  the  emissivity  of  char  particle  and  is  taken  as  0.85  [10]. 

Char  oxidation-induced  char  diameter  change  can  be  calculated  as  follows: 

dd_  245  3k,Cp" 
dt  1  OOOp  j-bar  X  a 

where  dy  is  volume  diameter,  d  is  surface  diameter,  dv=6d,  6  is  a  proportionality  factor,  and  x^  is  carbon  weight 
fraction  in  char. 

2.2.2  Secondary  fragmentation  submodel.  Similar  to  the  work  by  Chirone  [11]  at  atmospheric  pressure, 
two  statistical  functions  are  used  to  determine  which  particle  will  break  at  any  moment  as  well  as  the  size 
distribution  of  the  fragments  generated.  A  symmetric  normal  distribution  function,  F(db),  was  used  to  determine 
the  probability  density  on  a  numerical  frequency  fraction  basis  for  a  char  particle  of  size  db  to  break  into 
fragments.  Based  on  the  similarity  hypothesis  [12],  the  size  distribution  of  the  fragments  from  particles  of 
different  sizes  is  expressed  by  a  single  distribution  function  f(df/db): 


f„(df /db)=a{df /dbr(l-df/db)" 


(10) 


From  our  preliminary  experiments,  the  number  of  char  particles  as  a  function  of  combustion  time  t,  when 
t/tb<0.5,  can  be  expressed  as: 


N 

No 


1  +  Ai 


^2 
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(11) 


where  N  is  the  char  particle  number  at  time  t.  No  is  the  initial  char  particle  number  at  the  start  of  char 
combustion  (t=0),  tb  is  the  burnoff  time  of  char  particles  for  a  certain  initial  char  particle  diameter  and  A]  &  A2 
are  constants  for  that  initial  char  particle  diameter.  Parameters  tb  ,  A]  and  A2  are  coal-specific. 


2.2.3  Calculation  method.  Char  oxidation  and  secondary  fragmentation  were  assumed  to  occur  in  series  in 
every  At.  For  char  oxidation,  equations  1, 3,6,8  and  9  were  solved  simultaneously  to  predict  particle 
temperatures,  the  overall  rate  of  carbon  combustion,  and  particle  size  distribution  as  a  function  of  time  after 
injection  of  the  batch  of  uniformly-sized  char  particles  to  the  rig.  For  secondary  fragmentation,  char  particles 
were  randomly  chosen  to  break  up  based  on  F(db)  and  f(df/db).  Fragmentation  stops  when  the  total  char  particle 
number  equals  that  predicted  by  equation  1 1  at  time  t,  and  then  char  particle  size  distribution  was  recalculated. 
Surface  diameter  and  volume  diameter  were  used  for  char  oxidation  and  fragmentation,  respectively. 


3.  SENSITIVITY  ANALYSIS 

The  sensitivity  of  char  loading,  defined  as  char  weight  at  time  t  divided  by  initial  char  weight,  to  various  model 
input  parameters  is  examined  using  2mm  or  5mm  char  under  our  experimental  conditions:  850°C,  1.6MPa, 
0.9m/s  and  3%  O2.  Each  of  these  parameters  was  varied  while  all  the  other  parameters  were  held  constant.  From 
the  results  of  our  preliminary  experiments,  there  is  no  secondary  fragmentation  when  char  diameter  is  less  than 
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2mm,  so  the  influence  of  secondary  fragmentation  was  checked  with  5mm  char  and  other  parameters  were 
analyzed  with  2mm  char. 

3.1  Mass  Transfer  Coefficient 

The  correlations  of  Pnns  [13]  and  Agarwal  [14]  were  recommended  for  the  prediction  of  local  mass  transfer 
coefficient  in  FBC  under  atmospheric  pressure  [15],  Afterwards,  Coehl  [16]  developed  another  model  which 
was  tested  at  pressure  in  the  range  1  to  5  bar  and  at  a  temperature  of  1223K  [17],  When  n=l,  6=1.5  and 
Barbosa’s  correlation  for  heat  transfer  coefficient  [18]  were  used,  the  influence  of  Prins’  and  Coelho’s 
correlations  on  char  loading  was  as  shown  in  Fig.l.  The  maximum  char  loading  difference  between  the  two  lines 
in  Fig.l  is  0.110. 


Fig.l  Influence  of  local  mass  transfer  coefficient  on  char  loading 
3.2  The  Ratio  of  Carbon  to  Oxygen  Moles  Consumed  Within  the  Boundary  Laver  (91 


Fig.2  Influence  of  theta  on  char  loading 


The  value  of  9  directly  influences  the  reaction  heat  released  during  char  oxidation  and  char  particle 
temperature,  which  affects  char  oxidation  rate  and  the  local  mass  transfer  rate  of  oxygen  near  the  external 
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surface  of  char  particles.  Therefore,  the  influence  of  6  on  in-bed  char  loading  was  investigated.  Using  Coelho’s 
model  for  local  mass  transfer  [16],  Barbosa’s  correlation  for  heat  transfer  coefficient  [18]  and  taking  n  as  1, 
three  values  of  0  (1,1.5,  2)  were  examined  as  shown  in  Fig.2.  The  maximum  char  loading  difference  between 
the  lines  in  Fig.2  is  0.093. 

3.3  Apparent  Reaction  Order 

Using  chars  produced  at  850°C,  1.6MPa,  O.Om/s  in  our  hot  rig,  the  intrinsic  reactivity  at  1.6Mpa  was  measured 
by  PTGA.  The  activation  energy  was  169KJ/mol,  but  reaction  order  was  not  measured.  Using  the  model,  the 
influence  of  different  apparent  reaction  orders  and  corresponding  pre-exponential  factors  on  char  loading  was 
compared  (Fig.3),  with  Coelho’s  model  for  local  mass  transfer  [16],  Barbosa’s  correlation  for  heat  transfer 
coefficient  [18]  and  0=1.5.  The  maximum  char  loading  difference  for  different  values  of  n  in  Fig.3  is  0.081. 
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Fig.3  Influence  of  reaction  order  on  char  loading 


3.4  Different  Correlations  for  Heat  Transfer  Coefficient 


Three  correlations  [13,  18,  19]  for  heat  transfer  coefficient  were  compared  as  shown  in  Fig.4,  with  Coelho’s 
model  for  local  mass  transfer  [16],  n=l  and  6=1.5.  The  maximum  char  loading  difference  for  different 
correlations  in  Fig.4  is  0.040. 

3.5  Secondary  Fragmentation 

Fig.5  shows  the  influences  of  secondary  fragmentation  on  char  loading,  using  Coelho’s  model  for  local  mass 
transfer  [16],  Barbosa’s  correlation  for  heat  transfer  coefficient  [18],  6=1.5  and  n=l.  The  values  of  parameter  A, 
and  A2  in  equation  11  were  obtained  for  one  Australian  coal  char.  The  maximum  char  loading  difference 
between  the  two  lines  in  Fig.5  is  0.073. 


Based  on  the  influence  of  each  parameter  on  in-bed  char  loading  above,  these  parameters  were  ranked  in  priority 
order:  local  mass  transfer  coefficient,  theta,  reaction  order,  secondary  fragmentation  and  heat  transfer 
coefficient. 


4.  CONCLUSIONS 

A  mathematical  model  was  developed  to  simulate  the  in-bed  char  combustion  in  our  batch-fed  PFBC.  Using 
sensitivity  analysis  of  parameters  in  the  model  with  respect  to  in-bed  char  loading,  these  parameters  were  ranked 
in  priority  order  as  follows:  local  mass  transfer  coefficient,  the  ratio  of  carbon  to  oxygen  moles  consumed  within 
the  boundary  layer,  reaction  order,  secondary  fragmentation  and  heat  transfer  coefficient.  The  more  important  of 
these  parameters  will  be  investigated  further  experimentally  in  order  to  improve  the  model  prediction  of  in-bed 
char  loading. 
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ABSTRACT.  A  batch-fed  bench-scale  pressurised  fluidized  bed  combustion  (PFBC)  facility  was  built  at 
UNSW  to  research  the  in-bed  processes  generating  fine  char  particles  during  PFBC  of  Australian  black  coals. 
Measured  carbon  elutriation  varied  from  coal  to  coal  and  the  results  agreed  qualitatively  with  large-scale  PFBC 
performance,  allowing  definition  of  satisfactory  and  unsatisfactory  performance  criteria.  For  both  of  the  tested 
coals,  the  carbon  elutriation  rate  decreased  during  burnout  due  to  the  decrease  of  in-bed  carbon  loading.  The 
specific  carbon  attrition  rates  were  constant  at  the  early  stage  of  burnout  when  the  in-bed  char  particles  were 
larger(about  >2mm)  and  then  increased  at  the  later  stage  of  burnout.  Carbon  elutriation  in  PFBC  was  correlated 
tentatively  with  crucible  swelling  number  (CSN),  although  the  range  of  values  of  CSN  needs  to  be  extended. 
Carbon  elutriation  in  PFBC  did  not  correlate  with  volatile  matter  for  the  5  Australian  coals  investigated,  in 
contrast  with  previous  PFBC  pilot  plant  studies.  The  higher  swelling  coal  produced  a  significantly  larger 
average  macro-pore  diameter  after  devolatilisation  in  PFBC,  which  caused  greater  attrition  of  fine  char  from  the 
particle  surface  during  the  char  burnout  stage. 

1.  INTRODUCTION 

Pressurised  fluidized  bed  combustion  (PFBC)  is  the  first  of  the  Clean  Coal  Technologies  to  be  commercialised 
for  large-scale  electricity  generation  from  coal.  PFBC  technology  is  combined  cycle  technology  providing 
increased  efficiency  of  electricity  generation  from  coal  at  a  competitive  cost.  Typically,  the  efficiency  advantage 
is  around  3-4  percentage  points  higher  than  a  conventional  steam  power  plant  with  commonly  used  steam 
conditions,  which  corresponds  to  about  a  10%  fuel  saving[l].  Despite  the  low  inlet  gas  temperature  of  850°C  to 
the  gas  turbine,  ABB  Carbon’s  standard  425  MWg  P800  plant  achieves  an  efficiency  of  44-45%  based  on  the 
lower  heating  value  of  the  coal  and  0.02  bar  condenser  pressure[2].  In  1997,  ABB  Carbon  quoted  a  typical 
greenfield  capital  cost  of  $US  1000/kW  for  their  P800  unit[2].  In  Japan,  Mitsubishi  Heavy  Industries  have  built 
an  85  MWg  PFBC  power  plant.  Currently,  a  few  larger  PFBC  plants  (360  MWg  and  250  MWg)  are  under 

construction  in  Japan  and  scheduled  for  start-up  between  1999  and  2002.  Australian  Black  coals  have  been  fired 
in  all  the  Japanese  PFBC  power  plants  and  in  the  Japanese  PFBC  research  Programs.  Also,  the  new  larger 
commercial  PFBC  plants  now  under  construction  in  Japan  will  certainly  be  firing  Australian  coals,  so  it  is 
essential  that  we  understand  the  behaviour  of  Australian  coals  in  this  new  technology  to  support  their  marketing 
into  Japan. 

Unburned  carbon  elutriation  is  the  main  cause  of  combustion  inefficiency  in  PFBC  technology,  and  may  also 
contribute  to  the  ‘sticky  ash’  problems  in  the  ceramic  filters  by  causing  combustion  and  increased  temperature 
in  the  filter  cake[3].  The  main  objectives  of  this  project  are  to  characterise  Australian  black  coals  under 
industrial  PFBC  conditions,  investigate  the  mechanisms  of  generation  of  elutriable  fine  chars  and  study  the 
influences  of  coal  and  char  properties  on  carbon  elutriation  in  PFBC. 

2.  EXPERIMENTAL 


PFBC  Facility  at  UNSW 

A  novel  bench-scale  PFBC  combustor  has  been  constructed  at  UNSW,  designed  specifically  to  research  PFBC 
of  coal  with  the  aim  of  understanding  the  influence  of  coal  on  combustion  performance  in  industrial-scale  plant. 
This  facility  has  identical  conditions  in  the  bed  to  those  used  industrially  (1.6MPa,  850°C  &  0.9m/s  fluidizing 
velocity)  to  ensure  that  the  local  environment  around  each  coal  particle  matches  that  in  an  industrial  PFBC. 
Batch  experiments  provide  time-resolved  data  on  coal  devolatilisation  and  char  combustion  to  allow 
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investigation  of  the  mechanisms  occurring  during  these  processes.  The  exhaust  gas  is  analysed  continuously  for 
O2  CO,  CO2  and  hydrocarbons  as  a  function  of  time  after  coal  injection.  The  elutriated  carbon  particles  undergo 
minimal  freeboard  combustion  and  are  collected  in  one  of  two  cyclones  over  any  desired  period  of  time  during 
the  experiment,  for  subsequent  analysis.  The  facility  allows  quenching  of  the  combustion  at  any  time  by 
switching  to  pure,  non-preheated  nitrogen  as  the  fluidizing  gas  and  the  sand  bed  then  may  be  removed  from  the 
rig  for  collection  and  characterisation  of  the  partially  burnt  char  particles.  Fig.  1  is  a  schematic  diagram  of  the 
PFBC  facility  and  further  details  are  available  elsewhere[4,5]. 


Fig.  1  Schematic  of  UNSW’s  bench-scale  batch-fed  PFBC  faciUty 

This  PFBC  facility  was  designed  to  duplicate  the  in-bed  processes  of  coal/char  combustion  and  attrition  in 
industrial-scale  PFBC  plant  but  did  not  attempt  to  duplicate  freeboard  processes.  Any  freeboard  combustion  of 
elutriated  char  was  deliberately  minimised  by  utilising  the  shortest  possible  freeboard  height,  by  cooling  the 
freeboard  wall  (by  direct  contact  with  the  ambient  atmosphere)  and  by  cooling  the  cyclone  (by  external  water¬ 
cooling).  Experiments  in  this  facility  therefore  investigated  only  the  processes  by  which  fine  unbumt  carbon  was 
generated  in  the  bed,  uncompromised  by  any  subsequent  combustion  of  fines,  which  may  occur  in  industrial 
PFBC  plant.  The  elutriated  material  was  predominantly  coal  ash,  from  SEM  elemental  analyses  of  elutriated 
particles  collected  in  the  cyclone.  The  rate  of  elutriation  from  the  sand  bed  alone  was  negligible^  compared  to 
that  for  coal  injection  experiments.  Carbon  elutriation  was  measured  as  the  loss  on  ignition  at  815°C  in  air  from 
the  cyclone  fines,  which  was  typically  20-40%  of  the  elutriated  material.  This  carbon  elutriation  is  expressed  in 
Fig.  2  as  a  percentage  of  the  carbon  fed  in  the  coal  batch,  since  this  ratio  is  directly  related  to  combustion 
inefficiency. 

The  effects  of  rig  operating  parameters  on  the  carbon  elutriation  during  the  complete  devolatilisation  and  char 
burnout  process  were  first  estimated  using  a  factorial  experimental  design  with  a  single  coal.  Results  of  the 
factorial  experiments  found  that  feed  coal  particle  size  and  oxygen  concentration  had  the  most  significant  effects 
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on  carbon  elutriation,  whereas  system  pressure  had  only  a  minor  effect  and  coal  batch  size  had  a  negligible 
effect.  Standardised  experimental  conditions  were  then  chosen  for  the  coal  comparison  experiments  reported 
below  and  are  summarised  in  Table  1. 

Table  1  Standardised  Operating  Parameters  for  Carbon  Elutriation  Experiments 


Bed  temperature  (°C) 

850 

Mean  bed  particle  size  (mm) 

1.3 

Fluidizing  veloci^  (m/s)  ■  '  ^ 

0.9 

Coal  particle  nze  (mm) 

4-4.75 

Oxygen  concentration  ( %) 

7 

System  pressure  (MPa)  '  ^  ■ 

1.6 

Coal  batch  size  (g) 

1 

Coal  Analysis 

Five  Australian  black  coals  were  chosen,  covering  a  range  of  proximate  Volatile  Matter  (VM)  (and  hence  a 
range  of  Fuel  Ratios),  with  some  differences  in  swelling  properties  for  similar  VM;  since  VM  was  reported  to 
correlate  with  pressurised  fluidized  bed  combustion  efficiency[6]  and  swelling  behaviour  was  reported  to 
correlate  with  atmospheric  pressure  fluidized  bed  combustion  efficiency [7],  Chars  devolatilized  in  the  PFBC  rig 
were  subjected  to  Hg  porosimetry  to  determine  the  pore  size  distribution  in  the  macro-  and  larger  meso-pore 
range. 


Table  2  Analyses  of  Australian  Black  Coals  Studied  and  Typical  Carbon  Mass  Balances 


Coal 

B 

C 

D 

E 

Proximate  Analysis  (a.d.): 

Moisture  (%) 

1.7 

3.0 

1.9 

1.3 

1.6 

Ash  (%) 

18.5 

8.2 

7.7 

11.5 

10.6 

Volatile  Matter  (%) 

28.4 

29.7 

40.5 

19.9 

34.2 

Fixed  Carbon  (%) 

51.4 

59.1 

49.9 

67.3 

53.6 

Fuel  Ratio  =  FCATVI 

1.81 

1.99 

1.23 

3.38 

1.57 

Crucible  Swelling  Index 

0.5 

0.5 

1.5 

1.5 

2.0 

Ultimate  Analysis  (d.af); 

Carbon  (%) 

89.3 

82.9 

85.8 

90.9 

84.7 

Hydrogen  (%) 

5.1 

4.5 

5.8 

4.5 

5.3 

Nitrogen  (%) 

2.2 

1.9 

1.8 

2.1 

1.6 

Carbon  Mass  Balance 

(%) 

96.85 

98.1 

97.94 

98.34 

98.19 

Mean  Pore  Diameter  of  Devolatilized  Chars  (pm) 

0.041 

0.077 

0.087 

0.041 

0.174 

3.  RESULTS  AND  DISCUSSION 


Carbon  Mass  Balances 

Excellent  carbon  mass  balance  closure  was  observed  for  the  complete  burnout  experiments,  with  the  results 
shown  in  Table  2.  The  carbon  in  the  exhaust  gas  was  determined  by  integration  of  the  CO  and  CO2  versus  time 
curves  from  the  on-line  analysers.  This  result  provides  confidence  that  the  loss  on  ignition  method  for 
measuring  carbon  elutriation  was  satisfactory. 

Carbon  Elutriation  During  Complete  Burnout 

Unburnt  carbon  elutriation  was  measured  for  the  complete  combustion  process,  with  the  results  shown  in  Fig.  2. 
Excellent  reproducibility  of  results  is  evident  from  the  repeat  experiments  performed.  Different  coals  exhibited 
substantial  differences  in  carbon  elutriation  in  this  standardised  experiment.  Coal  E  was  similar  to  the  coal 
which  gave  high  char  carryover  in  the  pilot-scale  facility  of  ABB  Carbon  in  Sweden  and  the  results  reported 
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here  are  the  first  replication  of  that  unsatisfactory  behaviour.  Coal  B  exhibits  significantly  lower  carbon 
elutriation  than  Coal  E  in  our  standard  test  and  has  been  fired  successfully  in  the  70  MWg  Wakamatsu 
demonstration  plant  in  Japan.  These  comparisons  with  larger-scale  PFBC  performance  show  that  results  froin 
our  bench-scale  facility  do  correlate  with  such  larger-scale  PFBC  performance  and  provide  benchmarks  against 
which  to  assess  the  performance  of  other  coals. 


Coal  A  Coal  B  Coal  C  Coal  D  Coal  E 


Coals 


Fig.  2.  Carbon  elutriation  from  PFBC  for  5  Australian  black  coals 
(1.6MPa,  850°C,  U=0.9m/s,  7%  O2,  coal  particle  size:  4-4.75mm) 

For  our  standard  test,  a  carbon  elutriation  less  than  1.6%  of  the  carbon  fed  in  the  coal  would  be  satisfactory, 
since  this  is  the  average  of  the  results  for  Coal  B.  On  the  other  hand,  a  carbon  elutriation  greater  than  4  2% 
would  definitely  be  unsatisfactory,  since  this  is  the  average  of  the  results  for  Coal  E.  Results  between  1.6  & 
4.2%  cannot  yet  be  categorised  since  insufficient  large-scale  data  are  available,  so  should  conservatively  be 
considered  as  unsatisfactory  until  further  data  becomes  available.  On  this  basis,  coals  A,  B  and  C  would  be 
satisfactory;  whereas  coals  D  and  E  would  not  be  recommended  for  PFBC  firing. 


Fixed  Carbon  Elutriation  During  Devolatilisation  And  Char  Combustion  Stegeg 

The  elutriated  carbon  collected  by  the  cyclones  is  in  the  form  of  solid  char.  The  exhaust  gas  analyses  had 
negligible  levels  of  hydrocarbons  [4],  showing  that  volatile  matter  was  released  and  essentially  burned  to 
completion  within  the  combustor.  Hence,  volatile  matter  did  not  contribute  to  the  measured  carbon  elutriation, 
which  must  have  come  only  from  the  fixed  carbon.  Therefore,  the  following  data  on  carbon  elutriation  were 
compared  to  the  proximate  fixed  carbon  by  expressing  the  carbon  elutriation  as  a  percentage  of  the  fixed  carbon 
fed  in  the  coal  batch  (Fig.  3). 


COALA  COAL B  COAL C  COAL D  COALE 
Coals 


Fig.  3.  Carbon  elutriation  contributions  from  coal  devolatilisation  and  char  combustion  stages 
(1.6  MPa,  850"C,  U=0.9m/s,  7%02,  coal  particle  size;  4~4.75mm) 


1672 


The  devolatilisation  time  was  estimated  at  28s  for  the  coal  particle  size  used.  Further  experiments  were 
performed  under  the  same  standardised  experimental  conditions,  but  the  exhaust  gas  was  diverted  from  the  first 
to  the  second  cyclone  30  seconds  after  injection  of  the  coal  batch  into  the  bed.  In  this  way,  elutriated  carbon  was 
collected  in  one  cyclone  during  the  devolatilisation  stage  and  in  the  second  cyclone  during  the  char  burnout 
stage  from  a  single  experiment.  The  relative  contributions  to  fixed  carbon  elutriation  during  the  devolatilisation 
and  char  combustion  stages  are  presented  in  Fig.  3,  in  which  the  ranking  of  coals  C  and  D  in  terms  of  total 
elutriation  have  changed  from  Fig.  2  due  to  the  substantially  higher  fixed  carbon  content  of  coal  D.  For  coal  E, 
the  higher  carbon  elutriation  comes  predominantly  from  the  char  burnout  stage  and  may  be  attributed  to  the 
significantly  larger  macro-pore  size  of  its  char  (Table  2),  which  enhances  attrition  on  the  char  particle  surface  in 
the  bed. 

Fixed  Carbon  Elutriation  Rate 

To  understand  coal  behaviour  for  PFBC  technology,  coal  B  (satisfactory  coal)  and  coal  E  (problem  coal)  were 
studied  and  compared.  The  rate  of  carbon  elutriation  for  coals  B  and  E  was  measured  in  further  experiments. 
After  injecting  the  coals,  the  exhaust  gas  was  directed  through  the  bypass  exhaust  line  and  cyclone  until  the  start 
of  the  measurement  period,  at  which  time  the  exhaust  gas  was  directed  through  the  measurement  exhaust  line 
and  cyclone  for  a  sampling  period  of  15  or  30  s,  before  switching  back  to  the  bypass  line.  The  experiment  was 
repeated  for  different  start  times  throughout  the  complete  burnout  time.  Dividing  the  measured  carbon 
elutriation  by  the  sampling  period  gave  the  average  carbon  elutriation  rate  over  the  period.  The  elutriation  rates 
of  fixed  carbon  fed  in  the  coal  batches  were  plotted  as  a  function  of  time,  expressed  as  the  ratio  of  time  to 
burnout  time,  t/tb  (Fig.  4).  The  rate  of  fixed  carbon  elutriation  was  greater  during  devolatilisation  than  during 
char  combustion,  and  decreased  with  burnout  time  as  the  char  burnout  proceeded.  At  all  times,  the  rate  of 
carbon  elutriation  was  greater  for  the  problem  coal  E  than  for  the  satisfactory  coal  B. 


0.0  0.2  0.4  0.6  0.8  1.0 

t4b 


Fig.  4  Elutriation  rate  of  fixed  carbon  during 
burnout  from  PFBC  (1.6MPa,  SSO'C,  7%02, 
U=0.9m/s,  coal  particle  size:  4--4.75nun) 


Fig.  5  In-bed  coal  char  particle  number  variation 
during  burnout  in  PFBC(1.6MPa,  850®C,  U=0.9ni/s, 
7%  O2,  coal  particle  size:  4-4.75mm) 


In-Bed  Coal  Char  Particle  Size  Reduction 

During  burnout,  the  reactions  were  quenched  at  various  times.  The  in-bed  char  particles  were  recovered  from 
the  bed  after  cooling  by  sieving  with  a  1.4  mm  aperture  sieve  and  then  picking  out  by  hand  as  many  as  possible 
of  the  smaller  char  particles  remaining  in  the  sand.  The  number  of  particles  in  the  bed  compared  to  the  initial 
number  of  coal  particles  in  the  batch,  N(t)/No,  shown  as  a  function  of  burnout  time  in  Fig.5,  increased  during 
devolatilization  due  to  primary  fragmentation  and  then  decreased  as  the  combined  result  of  secondary 
fragmentation  and  bumoff  of  smaller  particles.  The  coal  char  particles  were  analysed  by  image  analysis  and 
Fig.  6  compares  the  particle  size  distributions  of  the  original  coal  with  the  devolatilized  char  and  partially  burnt 
char  at  various  stages  for  both  coals  B  and  E.  As  a  result  of  fragmentation,  the  median  particle  diameter 
decreased  sharply  and,  although  the  fragmentation  behaviours  of  coals  B  and  E  were  similar  (Fig.5),  the  greater 
particle  swelling  behaviour  of  coal  E  resulted  in  substantially  larger  char  particle  sizes  after  devolatilization  for 
coal  E  than  for  coal  B. 
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Specific  Carbon  Attrition  Rate  During  Coal  Burnout 

Attrition  is  the  phenomenon  by  which  fines  are  abraded  from  the  surface  of  the  parent  particle  by  weanng 
against  bed  solids  and  combustor  walls  [6],  Carbon  attrition  is  the  main  mechanism  of  generation  of  elutnable 
fine  char  particles  in  PFBC.  The  post-combustion  of  attrited  carbon  was  minimized  by  the  design  of  the  shallow 
bed,  short  air-cooled  freeboard  and  water-cooled  cyclones.  Accordingly,  the  measured  values  of  the  rates  of 
carbon  elutriation  were  the  effective  rates  of  formation  of  carbon  fines,  or  the  carbon  attrition  rates,  for  the  coal 
batch  fed.  The  total  external  surface  area  and  the  Sauter  mean  diameter  of  in-bed  char  particles  were  calculated 
from  the  char  particle  size  distribution  curves  (Fig.6)  and  the  particle  numbers  (Fig.5)  at  different  times  during 
burnout.  The  specific  carbon  attrition  rates  (the  carbon  attrition  rate  per  unit  external  surface  area  per  second) 
were  then  calculated  and  plotted  as  a  function  of  time  (Fig.  7)  and  mean  char  particle  diameter  (Fig.  8). 

Although  the  carbon  elutriation  rate  of  coal  E  is  much  higher  than  that  of  coal  B  (Fig.  4),  the  greater  external 
surface  area  of  coal  E  (due  to  its  significantly  greater  swelling  behaviour)  made  the  specific  carbon  attrition 
rates  closer  to  each  other  for  coals  E  and  B  within  the  early  stage  of  burnout. 
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The  specific  carbon  attrition  rates  for  both  coals  B  and  E  were  nearly  constant  when  the  coal  char  particles  were 
large  at  the  earlier  stage  of  burnout,  but  increased  when  the  char  particle  sizes  decreased.  The  higher  specific 
attrition  rate  at  the  later  stage  of  burnout  may  be  attributed  to:  (1)  percolation  fragmentation  of  the  smaller  char 
particles  in  the  batch;  and  (2)  the  growth  of  detachable  asperities  because  the  better  external  O2  mass  transfer  for 
the  smaller  char  particle  could  enhance  the  O2  penetration  into  the  char  particle  and  the  development  of  porous 
structure  within  the  surface  layer.  This  result  confirmed  the  conclusion  from  the  factorial  experiment  that  feed 
coal  particle  size  had  the  most  significant  effect  on  carbon  elutriation.  The  specific  attrition  rate  of  coal  E  was 
substantially  higher  then  that  of  coal  B  for  the  smaller  char  particles  in  PFBC  and  the  increase  started  at  a  larger 
Sauter  mean  char  particle  diameter. 

Correlation  of  Fixed  Carbon  Elutriation  with  Coal  Properties 

Carbon  elutriation  from  this  study  did  not  correlate  with  the  volatile  matter  (or  Fuel  Ratio)  of  the  parent  coal,  in 
contrast  with  previous  work  on  Northern  Hemisphere  coals.  Combustion  inefficiency  data  from  the  Grimethorpe 
PFBC  facility  were  correlated  inversely  with  VM  [7],  whereas  the  highest  carbon  elutriation  was  observed  for 
the  intermediate  VM  coal  E  in  this  work.  Lower  carbon  elutriation  was  observed  for  the  other  coals,  with  VM 
both  lower  and  higher  than  coal  E. 

Fig.  9  shows  that  the  carbon  elutriation  from  PFBC  did  correlate  with  the  crucible  swelling  number  (CSN)  of 
the  parent  coal,  as  was  also  reported  for  pilot-scale  trials  in  atmospheric  pressure  fluidized  bed  combustion  of 
four  Canadian  coals  [8].  However,  the  range  of  values  of  CSN  in  this  work  was  narrow  (0.5  -  2.0)  compared 
with  the  Canadian  work  (0  -  7)  and  should  be  extended  before  such  a  correlation  could  be  employed  as  a 
predictive  tool. 


Fig.  9  Correlation  of  Fixed  Carbon  elutriation  Fig.  10  Correlation  of  Fixed  Carbon  elutriation 

with  Crucible  Swelling  Number  with  average  pore  diameter 

Correlation  of  Fixed  Carbon  Elutriation  with  Char  Properties 

Devolatilised  chars  were  prepared  by  burning  batches  of  coal  particles  for  30  s  in  the  PFBC  facility  under  the 
standardised  conditions  and  then  quenching  the  reaction  by  switching  to  ambient  temperature  nitrogen  as  the 
fluidizing  gas.  These  chars  were  analysed  by  Hg  porosimetry  to  determine  their  porosities  and  pore  sizes.  The 
devolatilised  char  porosities  correlated  with  VM  as  expected,  but  not  with  the  carbon  elutriation.  Fig.  10  shows 
that  the  carbon  elutriation,  expressed  as  a  percentage  of  the  Fixed  Carbon,  correlated  well  with  the  average  pore 
diameter.  This  measurement  method  does  not  interrogate  the  smallest  pores,  so  the  average  diameter  plotted  in 
Fig.  10  indicates  only  the  macro-pores  and  the  larger  meso-pores  in  the  char[9].  This  correlation  with  macro¬ 
pore  size  but  not  with  porosity  agrees  with  the  conclusion  of  Kantorovich  and  Bar-Ziv  for  non-uniform 
oxidation  of  Spherocarb[10].  Oxidation  occurs  throughout  all  the  pores  near  the  particle’s  external  surface  with 
the  dominant  contribution  from  the  much  larger  surface  area  of  the  meso-  and  micro-pores,  whereas  attrition 
occurs  when  the  diameter  of  the  macro-pores  near  the  particle’s  external  surface  becomes  sufficiently  high  for 
fragmentation  of  the  large-scale  porous  structure. 
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4.  CONCLUSIONS 


The  bench-scale  facility  at  UNSW  allows  measurement  of  the  unbumt  carbon  elutriation  from  coal  combustion 
in  PFBC.  These  measurements  correlate  with  the  differing  performance  of  various  coals  in  larger-scale  plant  and 
provide  an  indication  of  the  potential  problem  of  carbon  carryover  in  industrial  PFBC  installations.  This  unbumt 
carbon  carryover  is  the  main  source  of  combustion  inefficiency  and  also  may  cause  problems  in  the  hot-gas 
ceramic  filters  proposed  for  advanced  PFBC  plant. 

Both  de volatilisation  and  char  combustion  stages  contribute  to  carbon  elutriation.  However,  a  greater  amount  of 
carbon  elutriation  occurred  for  the  problem  coal  during  char  combustion  than  during  devolatilisation.  Although 
a  higher  rate  of  carbon  elutriation  was  observed  during  devolatilisation,  the  longer  time-scale  required  for  char 
burnout  gave  greater  cumulative  carbon  elutriation  during  this  stage.  The  specific  carbon  attrition  rates  were 
constant  at  the  early  stage  of  burnout  when  the  in-bed  char  particles  were  larger  and  then  increased  at  the  later 
stage  of  burnout.  The  specific  attrition  rate  of  coal  E  was  substantially  higher  then  that  of  coal  B  for  the  smaller 
char  particles  in  PFBC.  Carbon  elutriation  does  not  correlate  with  the  Volatile  Matter  of  die  Australian  coals 
studied,  in  contrast  with  combustion  efficiency  correlations  in  the  literature.  Carbon  elutriation  from  PFBC  of  5 
Australian  black  coals  did  correlate  with  cracible  swelling  number,  as  reported  for  AFBC  of  4  Canadian  coals, 
and  with  the  average  pore  diameter  determined  from  Hg  porosimetry  of  chars  devolatilised  under  PFBC 
conditions.  However,  further  work  is  necessary  to  extend  the  range  of  values  of  CSN  from  the  narrow  range 
studied  here,  before  such  correlation  could  be  used  as  a  predictive  tool. 
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ABSTRACT.  In  the  present  paper  work  is  reported  which  was  carried  out  at  the  Technical  University 
Hamburg-Harburg  (TUHH)  in  connection  with  the  retrofitting  project  of  the  sewage  sludge  incinerator  of  the 
city  of  Ulm.  In  order  to  keep  the  emission  limits  under  a  variety  of  operating  conditions  different  primary 
measures  of  emission  control  were  examined  at  TUHH’s  pilot-scale  bubbling  fluidized  bed  combustor  (150  mm 
diameter,  height  of  combustion  chamber  9m).  In  the  first  phase  of  the  investigations  it  was  shown  that  the 
emissions  of  the  pollutants  CO  and  NO^  measured  at  the  test  rig  compare  well  with  those  measured  at  the 
existing  large-scale  combustor  if  operating  conditions  were  chosen  according  to  similarity  rules.  The  main  part 
of  the  work  consisted  then  of  a  systematic  investigation  of  the  various  means  to  influence  the  combustion 
process  and  the  pollutants  generating  and  reducing  reactions  inside  the  combustion  chamber.  In  particular,  the 
influences  of  predrying  of  the  sludge  ,  excess  air  ratio,  staging  of  the  combustion  air  and  flue  gas  recirculation 
were  investigated.  Furthermore,  the  influence  of  a  mixing  element  in  the  freeboard  on  the  emissions  was 
examined.  The  results  which  are  described  in  detail  in  the  paper  have  given  valuable  advice  for  the  design  of  the 
new  incinerator.  The  knowledge  of  the  various  influences  and  interdepences  will  furthermore  allow  the  operator 
to  choose  suitable  measures  to  minimize  the  emissions  and  keep  the  regulation  limits  under  all  possible 
operating  conditions. 


1.  INTRODUCTION 

Due  to  the  annual  increase  in  the  production  of  sewage  sludge  in  the  developed  countries  its  disposal  is 
becoming  increasingly  difficult.  Currently,  four  standard  disposal  routes  for  sludge  exist  namely  landfilling,  use 
as  a  fertilizer  on  agriculture  land,  dumping  into  sea  and  incineration.  Incineration  has  become  one  of  the  main 
disposal  outlets  of  sewage  sludge  in  many  developed  countries  and  some  newly  industrialised  nations.  Already, 
incineration  takes  24  %  of  the  sludge  produced  in  Denmark,  20  %  in  France  and  15  %  in  Belgium  [1].  In  the 
USA  and  Japan,  25  and  55  %  of  the  sludge  produced,  respectively,  is  incinerated  [2].  It  is  expected  that  38  %  of 
the  sludge  produced  by  the  member  states  of  the  European  Union  will  be  incinerated  by  the  year  2005  [1].  In 
1996,  2.7  million  tons  dry  matter  of  sewage  sludge  were  produced  in  Germany  45%  of  which  were  used  as 
fertilizers  in  agriculture,  12%  for  recultivation  and  landscaping  works,  11%  for  landfill,  10%  for  composting 
and  19%  were  incinerated  [3]. 

At  present,  21  sewage  sludge  incineration  plants  are  existing  in  Germany  and  one  more  is  in  the  commissioning 
phase.  The  combusted  sludge  is  either  wet  if  auxiliary  fuel  e.g.  oil  or  gas  is  used  or  predried  if  an  autothermal 
combustion  is  practised.  Mono-combustion  of  sewage  sludge  is  effected  predominantly  in  combustors  with 
fluidized  beds  (17  of  the  total  21  plants).  Most  of  them  bum  semi-dried  sludge  with  a  dry  matter  content 
between  32  and  50  wt.-%. 

An  important  aspect  for  consideration  during  sludge  incineration  is  the  control  of  the  emissions  of  gaseous 
pollutants,  especially  CO,  N2O  and  NOx-  The  potential  for  NjO  and  NOx  emissions  is  high  during  the 
combustion  of  sewage  sludge  due  to  its  high  contents  of  nitrogen.  The  nitrogen  content  of  sewage  sludge  is 
generally  in  the  range  6-8  wt.-%,  referred  to  water-and-ashfree  conditions  (waf)  [4]  but  can  be  as  high  as  10  wt.- 
%  (waf)  [5].  The  N2O  and  NOx  emissions  depend  on  nitrogen  contents  of  the  fuel  [6,7]. 
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Much  information  is  currently  available  concerning  the  N2O  and  NO^  entission  characteristics  of  dry  sludge  [8- 
11]  as  well  as  for  wet  sludge  [4,8,12,13].  It  was  found  that  dry  sludge  exhibits  NO,  and  N2O  ermssion 
characteristics  similar  to  those  of  coals.  High  concentrations  of  NO,  (800-1200  mg/m^)  and  N2O  (300-4TO 
mg/m^)  were  obtained  from  sewage  sludge  granulates  due  to  the  high  nitrogen  contents  [9-11].  NO,  and  N2U 
increased  with  increase  in  excess  air  ratio  whereas  increasing  the  combustion  temperature  led  to  an  increase  m 
NO  and  a  decrease  in  N2O.  Furthermore,  reduction  of  N2O  and  NO,  could  be  achieved  through  application  of 
staged  combustion  whereas  SNCR  (i.e.  NH3  injection)  was  effective  for  NO,  control.  Unlike  dry  sludge,  ^t 
sludge  was  found  to  exhibit  totally  different  NO,  and  N2O  emission  characteristics  [8,12,13].  Very  low  NO, 
emissions  (<200  mg/m^)  were  measured  from  wet  sludge,  although  the  nitrogen  content  was  higher  than  for  the 
dry  sludge.  Furthermore,  combustion  parameters  such  as  combustion  temperature  and  excess  air  ratio  as  well  as 
emission  reduction  strategies  (e.g.  staged  combustion  and  SNCR)  had  little  effect  on  tiie  emissions. 

NO,  emissions  from  wet  sewage  sludge  incineration  were  validated  by  the  NO,  emission  data  collected  from 
large-scale  incineration  plants  in  Germany,  burning  wet  sludge  [14]. 


The  above  mentioned  differences  in  the  NO,  and  N2O  emission  behaviour  of  dry  and  wet  sewage  sludges  and 
the  growing  interest  in  large-scale  combustion  of  semi-dried  sludge  have  currently  stimulated  research  on  the 
combustion  of  semi-dried  sewage  sludge.  The  fundamental  research  question  is  whether  semi-dried  sludp 
would  behave  like  wet  sludge  or  dry  sludge.  In  the  present  paper  work  is  reported  which  was  earned  out  at  the 
Technical  University  Hamburg-Harburg  (TUHH)  in  connection  with  the  retrofitting  project  of  the  sewage 
sludge  incinerator  of  the  city  of  Ulm  which  incinerates  semi-dried  raw  sludge.  The  first  fluidized  bed  sludge 
incinerator  at  Ulm  started  operation  inl972  and  was  one  of  the  first  municipal  sewage  sludge  incinerators  in 
Germany.  The  one  which  is  needed  to  be  retrofitted  now  was  built  in  1979.  The  question  was  which  pnm^y 
measures  should  be  installed  to  reach  low  CO,  NO,  emissions  to  keep  the  German  emission  limits  of  the  17 
regulation  of  the  Federal  Immission  Protection  Law  (17'^  BImSchV).  This  regulation  is  applicable  to  waste 
incineration  and  sets  as  emission  limits  the  daily  mean  value  for  CO  of  50  mg/m^  (dry,  std.  conditions)  and  for 
NO,  of  200  mg/m^  (dry,  std.  conditions)  respectively.  The  N2O  emission  characteristic  was  also  investigated 
although  there  is  no  emission  limit  in  Germany  at  the  moment. 


2.  EXPERIMENTAL 


The  incineration  of  the  semi-dried  sewage  sludge  from  Ulm  was  conducted  in  TUHH’s  pilot-scale  bubbling 
fluidised  bed  (150  mm  in  diameter  and  9  m  high)  the  flow  diagram  of  which  is  shown  in  Fig.  1.  The  required 
combustion  temperature  was  maintained  through  electrical  heating  of  the  walls  of  the  combustor.  The  test  umt 
has  the  necessary  facilities  for  automatic  and  continuous  recording  of  combustion  parameters  such  ^ 
temperatures,  pressure  drops,  combustion  air  and  fuel  flow  rate  as  well  as  facilities  to  feed  wet  sludge,  solid, 
liquid  and  gaseous  fuels.  The  height  of  the  unit  was  chosen  such  as  to  ensure  that  the  mean  gas  residence  times 
can  be  adjusted  to  be  similar  to  those  applied  in  large-scale  plants. 


Fig.  1.  A  flow  diagram  of  the  pUot-scale  bubbling  fluidised  bed  combustor  at  TUHH 
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The  combustor  has  several  sampling  ports  along  the  freeboard  .  The  details  of  the  experimental  set-up  for  gas 
sampling  and  analysis  have  been  previously  reported  [8,12,13],  The  gas  sample  is  withdrawn  from  the  centre 
line  of  the  combustor  and  sucked  through  an  electrically  heated  filter  and  sampling  line  by  means  of  a  gas  pump. 
It  is  then  directed  into  a  cooler  where  it  is  dried  before  it  is  supplied  to  the  various  analysers  at  a  rate  of  60 1/h. 
Components  of  the  flue  gas  such  as  O2,  CO2,  H2O,  CO,  NO,  NO2,  N2O,  NH3  and  SO2  can  be  analysed. 

In  the  first  phase  of  the  investigations  it  had  to  be  shown  that  the  emissions  of  the  pollutants  CO  and  NO^ 
measured  at  the  test  rig  compare  well  with  those  measured  at  the  existing  large-scale  combustor  if  operating 
conditions  were  chosen  according  to  similarity  rules.  To  calculate  the  operation  conditions  in  the  pilot-scale 
plant  typical  operation  conditions  at  the  combustor  in  Ulm  were  recorded  and  evaluated.  The  main  difference  in 
geometry  is  that  the  bed  region  at  Ulm’s  plant  is  conical  and  at  TUHH’s  plant  it  is  cylindrical.  At  Ulm  the 
superficial  velocity  in  the  bed  decreases  slightly  with  height  although  the  volume  of  the  gas  passing  the  bed 
increases  because  of  the  evaporation  of  water  from  the  burnt  sludge.  In  the  pilot  plant  there  is  an  increase  of  the 
gas  velocity  in  the  bed.  To  have  nearly  the  same  residence  times  as  at  Ulm’s  combustor  the  superficial  velocity 
in  the  freeboard  of  the  pilot-scale  plant  (including  the  water  vapor  from  sludge)  was  calculated  to  2  m/s  which 
corresponds  to  a  superficial  velocity  at  distributor  level  of  1.3  m/s. 


Fig.  2.  Details  of  the  mixing  element  installed  in  the  bubbling  fluidised  bed  test  rig 

An  important  feature  of  modem  incinerators  is  a  reduction  in  the  cross-sectional  area  in  the  upper  section  of  the 
freeboard  (e.g.  sludge  incineration  plants  at  Ulm,  Hoechst  AG  and  Dordrecht,  the  Netherlands).  The  Ulm  plant 
has  a  rectangular  freeboard  of  a  cross-sectional  area  of  15.6  m^  with  a  cylindrical  outlet  chute  of  a  cross 
sectional  area  of  2.8  m*.  The  purpose  of  such  furnace  configuration  is  to  provide  intense  mixing  of  the  reactants 
in  the  freeboard  by  creating  turbulence.  To  simulate  this  effect,  a  simple  metal  funnel  (Fig.  2)  which  reduced  the 
area  for  the  passage  of  the  gas  to  one  quarter  of  the  tube’s  area  was  installed  in  the  test  unit  at  7000  mm  above 
the  distributor  plate.  The  geometry,  residence  times,  temperatures  and  gas  velocities  at  both  plants  are 
summarized  in  Fig.  3.  At  TUHH’s  plant  a  static  bed  height  of  540  mm  was  used.  The  sludge  was  fed  directly 
into  the  bed  at  380  mm  above  the  distributor  plate.  The  measurement  ports  were  located  at  6500  mm  (Ql),  7500 
mm  (Q2)  and  at  9100  mm  (Q3)  above  the  distributor.  The  ultimate  and  proximate  analysis  of  the  municipal  raw 
sludge  is  given  in  Table  1. 

Table  1.  Proximate  and  ultimate  analysis  of  the  burnt  sludge 


semi-dried  sludge 

proximate 

ultimate  (wt.-%,  waf) 

water,  wt.-%  raw 

68 

C 

47.8 

ash,  wt.-%  wf 

31 

H 

7.68 

volatiles,  wt.-%  waf 

90 

0 

38.4 

NH3-N,  wt.-%  waf 

0.9 

N 

4.6 

LCV,  kJ/kg  -  raw 
-  wf 

4,408 

13,775 

S 

0.77 
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Fig.  3.  Adaptation  of  the  operating  conditions  of  the  pilot-scale  plant  to  those  of 
the  large-scale  combustor 

3.  RESULTS 


Comparison  of  the  Emissions  From  the  Large  Scale  with  Those  from  the  Pilot-Scale  Plant 
The  operation  conditions  for  the  first  test  were  chosen  as  described  above.  The  aim  was  to  show  that  it  is 
possible  to  scale  down  the  plant  at  Ulm  and  to  reach  the  same  emissions  at  the  small  plant  at  TUHH.  It  is  known 
that  the  bed  material  has  catalytic  effects  on  the  NO^  emissions.  Therefore  used  bed  material  of  the  large-scale 
combustor  was  used  in  this  test.  As  discussed  above  the  superficial  velocity  at  the  distributor  level  in  the  small 
rig  was  lower  compared  to  that  in  the  big  plant.  To  prevent  a  defluidization  in  the  bottom  bed  the  original  bed 
material  was  reduced  in  size  by  milling  from  a  mean  diameter  of  around  1774  pm  to  820  pm.  The  bed 
temperature  was  around  830  °C  and  the  freeboard  temperature  around  870  °C.  The  oxygen  concentration  in  the 
off  gas  was  1 1  vol.-%.  The  gas  concentrations  were  measured  at  7500  mm  above  distributor.  That  means  that 
the  gas  residence  time  in  the  small  plant  was  slightly  higher  as  in  the  old  large-scale  combustor  but  the  effect  of 
the  reduction  in  the  cross-sectional  area  was  included.  As  shown  in  Table  2  the  emissions  from  both  plants  are 
nearly  the  same.  After  successfully  finishing  this  first  step  the  major  part  of  the  work  was  to  find  the  best 
emission  reduction  measures  for  the  retrofitting  of  the  plant.  For  this  further  investigations  a  finer  quartz  sand 
(dp5o=483pm,  Uoif,20»c=  19  cm/s)  was  used  as  bed  material. 

Table  2.  Comparison  of  emissions  from  both  plants  for  similar  operating  conditions  (for  Ulm  different 
sets  of  data  are  presented  which  are  felt  to  be  typical  by  the  operator) 


Pilot-scale  plant  at  TUHH 

Oi  rvol.-%,  dry] 

9.6 

10.1 

11.5 

9.1 

11.3 

CO  fmg/m^,  dry,  std.  conditions] 

12 

24 

42 

16 

42 

NO,t  [mg/m*,  dry,  std.  conditions] 

125 

168 

247 

195 

185 

H7O  rvol.-%l 

33.1 

29.1 

28.0 

31.1 

28.0 

Effect  of  the  Mixing  Element  on  the  Emissions 

The  analysis  of  the  CO  concentrations  along  the  plant  indicates  that  the  mixing  element  has  indeed  improved  the 
combustion  quality.  As  is  shown  in  Fig.  4  the  measurement  signals  obtained  at  a  port  located  at  6500  mm  i.e. 
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upstream  of  the  mixing  element  exhibited  large  fluctuations  of  CO  concentrations  with  extreme  peaks  and  an 
average  concentration  clearly  above  50  mg/m^.  However,  sampling  from  locations  downstream  of  the  mixing 
element  (7500  mm  and  9100  mm)  showed  that  the  signal  fluctuations  were  much  less  and  that  the  average 
concentration  was  reduced  to  about  20  mg/m^.  A  significant  improvement  of  the  combustion  efficiency  was  thus 
achieved  by  this  comparatively  simple  means. 


a 


c 

o 

o 

c 

o 

u 

6 

o 


300 


250 


O  ”  200 


w 

M 

10 

.Q 

>« 


D) 

E 


150 


100 


50 


■ 

h=6500  mr 

1 

1 

h 

=7500  mm 

11 

fi 

h=9100 

mm 

If 

n 

[ 

22:19 


21:36  21:50  22:04 

Time  [h:m!n] 

Fig.  4.  Time-resolved  signals  of  CO  concentrations  before  and  after  the  mixing  element 
(the  mixing  element  is  located  at  h=7000  mm  above  the  gas  distributor) 


In  general,  low  CO-emissions  can  be  achieved  if  the  temperature  is  high  enough  and  the  gas  residence  time  at 
this  temperature  level  is  sufficient.  Both  conditions  are  regulated  by  the  17*  BImSchV  by  requesting  a 
minimum  temperature  of  850°C  and  a  flue  gas  residence  time  of  at  least  2  seconds  after  the  last  air  supply. 


NO-  F.missions  as  a  Function  of  Excess  Air  Ratio 

Fig.  5  shows  the  results  of  the  emissions  of  NO*.  The  data  were  obtained  on  different  days.  For  comparison,  the 
results  of  NOx  emissions  from  wet  and  dry  sludge  samples  obtained  from  Werther  et  al.  [12]  are  also  included. 
The  NOx  emissions  are  given  as  a  function  of  oxygen  concentrations  in  the  flue  gas  (i.e.  excess  air  ratio).  The 
excess  air  ratio  was  varied  by  adjusting  the  mass  flow  of  the  sludge  while  maintaining  a  constant  combustion  air 
supply.  The  gas  sample  was  withdrawn  at  the  top  of  the  plant.  The  bed  temperature  was  around  830  °C  whereas 
the  freeboard  was  maintained  at  around  870  °C.  Unlike  for  wet  sludge  for  which  propane  had  been  used  as 
supplementary  fuel  [8,12],  no  support  fuel  was  required  for  the  experiments  with  semi-dried  sludge. 
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Fig.  5.  NOx  emissions  as  a  function  of  oxygen  concentrations  - 
comparison  with  those  of  wet  and  dry  sludge  samples  [12] 
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It  can  be  seen  that  the  NOx  emission  characteristics  of  semi-dried  sludge  samples  are  closer  to  those  previously 
obtained  for  wet  sludge  samples.  The  NOx  levels  are  slightly  higher  than  those  of  the  wet  sludge  but  much  lower 
than  those  of  the  dry  sludge.  It  is  not  possible  to  deduce  the  NOx  trend  as  a  function  of  the  oxygen 
concentrations.  At  low  oxygen  concentrations  (0-6  vol.-%),  NOx  appears  to  decrease  with  increase  in  O2,  as 
exhibited  by  wet  sludge  samples.  However,  above  6  vol.-%  O2,  the  trend  is  not  clear  due  to  the  high  fluctuation 
of  NOx  emissions.  Another  important  conclusion  from  these  results  is  that,  whereas  it  is  possible  to  meet  the 
NOx  liniits  of  200  mg/m^  when  burning  wet  sludge  using  single-stage  combustion,  this  appears  not  to  be 
guaranteed  during  the  combustion  of  semi-dried  sludge  especially  within  the  normal  range  of  operating 
conditions  (i.e.  6-11  vol.-%  O2). 

N^O  Emissions  as  a  Function  of  Excess  Air  Ratio 

In  Fig.  6  the  N2O  emissions  from  semi-dried  sludge  as  a  function  of  oxygen  concentrations  in  the  flue  gas  is 
depicted.  Here  too,  the  data  represent  different  samples  of  the  same  sludge  collected  and  burnt  on  different  days. 
Included  in  Fig.  6  for  comparison,  are  the  measurements  from  three  different  wet  sludge  samples  previously 
reported  by  Werther  et  al.  [8]  and  Ogada  [4].  Compared  with  those  obtained  for  wet  sludge,  the  combustion  of 
semi-dried  sludge  gave  lower  N2O.  N2O  concentrations  less  than  250  mg/m^  were  measured  with  semi-dried 
sludge  compared  with  500  -  700  mg/m^  measured  with  wet  sludge.  Another  observation  is  that,  similar  to  wet 
sludge,  there  appears  to  be  no  dependence  of  N2O  emissions  on  oxygen  concentrations  in  the  flue  gas. 


Oxygen  concentrations  [vol.-%,  dry  basis,  std.] 


Fig.  6.  Comparison  of  N2O  emissions  from  semi-dried  sludge  with  those  from  wet  sludge  obtained  from 
Werther  et  al.  [8]  and  Ogada  [4]  (open  symbols  -  semi-dried  sludge,  solid  symbols  -wet  sludge) 


Fig.  7.  Emissions  of  NO  as  a  function  of  excess  air  ratio  in  the  bed  (Combustion  temperature  850  °C, 
staged  combustion  with  A<„tai  =1-4  and  2.1,  gas  concentrations  measured  at  Q3) 


1682 


Staged  Combustion 

The  experiments  with  staged  combustion  for  conditions  with  6  vol.-%  (A^otai=l-4)  and  11  vol.-%  oxygen 
(Xtotai=2-l)  in  the  flue  gas  show  that  using  staged  combustion  does  not  improve  the  NOx  emissions  for  the  burnt 
sludge  (Fig.  7).  There  is  a  tendency  that  with  inreasing  air  ratio  in  bed  the  NO*  emissions  decrease.  A  strong 
increase  in  NOx  emission  was  observed  when  lowering  the  bed  air  ratio  from  0.8  to  0.7  in  the  case  with  6  voI.-% 
oxygen  in  off  gas.  In  general  the  emissions  in  the  case  with  A,otai=2.1  are  lower  than  in  the  case  with  ^,ota]=1.4. 
This  emission  characteristic  is  similar  to  that  of  wet  sludge  obtained  by  e.g.  Ogada  [4]. 


The  influence  of  using  secondary  air  on  the  N2O  emissions  is  much  more  significant  (Fig.  8).  There  is  a  strong 
minimum  in  the  cases  with  1 1  vol.-%  oxygen  in  flue  gas  when  operating  the  pilot  plant  with  a  bed  air  ratio 
around  1.2.  It  can  be  seen  that  N2O  decreased  from  438  to  77  mg/m*.  In  the  second  case  with  6  vol.-%  oxygen  in 
flue  gas  the  N2O  concentration  decreases  with  increased  bed  air  ratio  but  on  a  higher  level  than  in  the  previous 
case. 


air  ratio  in  bed  (-] 

Fig.  8.  Emissions  of  N2O  as  a  function  of  excess  air  ratio  in  the  bed  (Combustion  temperature  850  °C, 
staged  combustion  with  Xtotai  =1-4  and  2.1,  gas  concentrations  measured  at  Q3) 

Recirculation  of  Flue  Gas 

Flue  gas  recirculation  is  a  proven  method  for  the  reduction  of  NOx  emissions  in  coal  combustion.  Recirculating 
part  of  the  flue  gas  lowers  the  partial  pressure  of  oxygen  in  the  fluidized  bed  and  leads  to  a  higher  CO  level 
which  favors  the  destruction  of  NO.  Fig.  9  shows  results  of  measurements  in  the  pilot  plant.  The  NO*  emission 
is  plotted  against  the  percentage  of  flue  gas  recirculated  for  different  oxygen  concentrations  in  the  flue  gas  under 
conditions  of  single-  and  two-stage  combustion,  respectively.  The  fluidizing  velocity  was  kept  constant  for  each 
set  of  experiments  which  means  that  the  fuel  mass  flow  had  to  be  reduced  with  increasing  percentage  of 
recirculated  flue  gas  since  the  flue  gas  is  replacing  combustion  air. 
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Fig.  9.  Effect  of  flue  gas  recycling  on  the  emissions  of  NO*  (combustion  temperature  850  °C) 
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During  single-stage  combustion  carried  out  with  an  excess  air  ratio  of  1.4,  (6  vol.-%  in  flue  gas)  only  a  mild 
decrease  in  NO*  was  obtained.  NOx  decreased  from  about  1 10  to  90  mg/m^  as  the  ratio  of  recycled  flue  gas  was 
increased  from  0  to  20  %.  During  experiments  carried  out  at  excess  air  ratio  of  2.1  (11  vol.-%  oxygen  in  the  flue 
gas),  rapid  reduction  was  obtained  with  both  staged  and  single-stage  combustion.  NOx  decreased  from  86  to  48 
mg/m^  (during  single-stage  combustion)  as  the  ratio  of  recycled  flue  gas  was  increased  from  0  to  37  %.  During 
the  staged  combustion  (excess  air  ratio  in  bed  around  1),  NOx  decreased  from  147  to  83  mg/m^  as  the  ratio  of 
recycled  flue  gas  was  increased  from  0  to  30  %.  The  measurements  indicate  that  flue  gas  recirculation  may  be 
used  as  an  efficient  mean  to  “fine-tune”  the  NOx  emissions  if  there  is  a  tendency  for  the  emissions  to  exceed  the 
legal  limits.  Industrial  operating  experience  supports  this  conclusion.  Another  advantage  of  using  flue  gas  to 
replace  primary  air  is  the  opportunity  to  reduce  the  load  of  the  combustor  without  changing  the  bed  velocity  and 
the  fluidizing  conditions. 


4.  CONCLUSIONS 

In  the  first  phase  of  the  present  investigations  with  burning  a  predried  municipal  sewage  sludge  it  was  shown 
that  the  emissions  of  the  pollutants  CO  and  NOx  measured  at  the  test  rig  compare  well  with  those  measured  at 
the  existing  large-scale  combustor  if  operating  conditions  were  chosen  according  to  similarity  rules.  The  main 
part  of  the  work  consisted  then  of  a  systematic  investigation  of  the  various  means  to  influence  the  combustion 
process  and  the  pollutants  generating  and  reducing  reactions  inside  the  combustion  chamber.  In  particular,  the 
influences  of  predrying  of  the  sludge  ,  excess  air  ratio,  staging  of  the  combustion  air  and  flue  gas  recirculation 
were  investigated.  Furthermore,  the  influence  of  a  mixing  element  in  the  freeboard  on  the  emissions  was 
examined. 

On  the  basis  of  these  investigations  the  following  proposals  for  the  retrofitting  of  the  fluidized  bed  combustor  at 
Ulm  in  which  predried  municipal  sludge  is  incinerated  were  made: 

1.  The  emission  limits  can  be  fulfilled  with  single-stage  combustion.  Staged  combustion  has  no  positive  effect 
on  NOx  emissions. 

2.  The  recirculation  of  flue  gas  to  replace  part  of  the  primary  air  is  a  powerful  tool  to  reduce  NOx  emissions.  It 
will  be  sufficient  to  replace  up  to  15  or  20  %  of  the  primary  air  by  recirculated  flue  gas. 

3.  The  afterburning  section  is  a  important  feature  to  control  CO.  Because  of  the  reduction  of  cross-sectional 
area  at  its  entrance  the  superficial  velocity  is  increased  and  the  gas  mixing  is  improved  which  leads  to  a 
better  burnout  of  CO  and  unbumed  hydrocarbons.  The  burnout  depends  on  the  temperature.  To  reach  a 
sufficient  high  temperature  a  gas  burner  may  be  installed  at  the  entrance  of  the  afterburning  section. 

4.  The  emission  of  N2O  can  be  neglected  if  the  freeboard  and/or  the  afterburning  section  is  operated  at 
temperatures  higher  than  900  °C. 
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ABSTRACT:  The  emission  of  toxic  metals  from  combustion  of  fossil  fuels  and  wastes  is  an  important  global 
environmental  issue.  Toxic  metals,  such  as  arsenic,  selenium,  mercury,  chromium,  lead  and  cadmium  are 
present  in  coals  and  in  many  municipal  and  industrial  wastes.  This  paper  is  concerned  with  the  partitioning  of 
these  metals  during  combustion,  and  with  the  mitigation  of  their  effect  on  the  environment  using  high 
temperature  sorbents.  The  paper  is  divided  into  three  parts.  First,  the  partitioning  of  arsenic  and  selenium 
during  coal  combustion  in  a  17kW  laboratory  down-fired  furnace  is  discussed  and  appropriate  mechanisms 
identified.  Second,  the  speciation  of  mercury  and  chromium  during  combustion  is  addressed,  through  special 
experiments  on  a  73kW  refractory  lined  combustor.  Third,  experimental  results  on  the  sorption  of  individual 
and  multiple  metals  on  sorbents  are  presented.  These  sorbents  were  kaolinite  and  lime,  and  were  injected 
directly  into  flue  gas  containing  lead  and  cadmium  metals,  which  had  vaporized  in  the  main  flame.  Results 
suggest  that  toxic  metals  from  coal  and  waste  combustion  can  be  associated  with  lime  or  kaolinite  sorbents,  and 
that  for  some  multiple  metal  mixtures,  designer  sorbents  containing  calcium,  aluminum,  and  silicon  might  be 
useful  to  capture  them  and  render  them  environmentally  benign. 

1.  INTRODUCTION 

Toxic  metal  emissions  pose  a  problem  in  both  fossil  fuel  and  waste  combustion  [1-3].  Toxic  metals  can  be 
classified  either  as  non-volatile  (Ba,  Be,  Cr,  Ni),  or  as  semi-volatile  (Sb,  As,  Cd,  Pb  )  or  as  volatile  (Hg,  Se), 
depending  on  their  volatility  at  stack  temperatures  [1].  This  paper  focuses  on  the  volatile  metals,  mercury  (Hg) 
and  (Se)  and  the  semi  volatile  metals,  arsenic  (As),  lead  (Pb)  and  cadmium  (Cd).  The  fates  of  selenium  and 
arsenic  are  investigated  as  they  relate  to  the  combustion  of  pulverized  coal.  Both  metals  occur  in  many  coals 
around  the  world,  and  arsenic  can  reach  major  concentrations  in  certain  Chinese  coals.  Mercury  speciation,  a 
major  issue  in  both  fossil  fuel  and  waste  combustion,  is  investigated  through  special  tests  in  which  a  clean  flame 
is  doped  with  a  mercury  salt.  Lead  and  cadmium  are  discussed  insofar  as  dieir  emissions  can  be  diminished 
through  reaction  of  the  metal  vapor  on  sorbents  such  as  kaolinite  or  lime.  Cadmium  and  lead  can  vaporize  in  the 
combustion  zone,  subsequently  to  nucleate  and  form  a  difficult-to-collect  fume.  The  fact  that  both  lead  and 
cadmium  vaporize  may  allow  solid  substrates,  such  as  kaolinite  and  lime,  to  react  with  metals  vapors  and  render 
them  in  water  insoluble  forms.  This  process  may  be  used  to  scavenge  these  metals  preventing  subsequent  gas-to- 
solid  transformations  that  would  result  in  sub-micron  particle  formation. 

In  Fig.  1  are  shown  the  possible  mechanisms,  which  control  the  partitioning  of  toxic  metals  during  combustion. 
These  metals  may  be  introduced  as  aqueous  solutions,  hydrocarbon  fluids  or  solids,  or  as  solids,  municipal 
wastes  and  sludges.  For  pulverized  coal,  metal  partitioning  follows  the  route  through  porous  char,  where  the 
metal  may  be  contained  extraneously  in  excluded  mineral  matter  fragments,  or  in  may  be  contained  in  inherent 
occlusions  of  mineral  matter  within  the  char  matrix,  or  in  may  be  organically  bound  directly  to  the  organic 
matrix.  The  initial  occurrence  of  the  metal  may  well  have  a  significant  bearing  on  the  subsequent  partitioning 
routes  it  will  follow  as  it  passes  through  the  combustion  process.  Of  special  interest  in  this  paper  are  the  routes 
that  prevent  toxic  metals  being  emitted  from  the  stack  in  the  sub-micron  form. 
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Fig.  1.  Toxic  metal  partitioning  paths 
2.  EXPERIMENTAL  APPROACH 

The  approach  followed  was  to  introduce  the  appropriate  metal  into  a  combustion  chamber,  and,  except  in  the 
case  of  mercury  speciation,  to  infer  its  partitioning  mechanisms  through  size  segregated  analyses  of  the  ensuing 
particulate  matter  in  the  exhaust.  For  mercury  speciation,  the  wet  chemical  method  developed  by  Ontario  Hydro 
[4],  was  used. 

Experimental  data  presented  here  were  obtained  from  two  different  laboratory  combustion  rigs.  One  rig  at  EPA 
was  a  59  kW  (actual),  82  kW  (maximum  rated)  horizontal  tunnel  combustor  which  has  been  described 
elsewhere.  This  refractory-lined  research  combustor  was  designed  to  simulate  the  time/temperature  and  mixing 
characteristics  of  practical  industrial  liquid  and  gas  combustion  systems.  Natural  gas  fuel,  aqueous  metal 
solutions,  gas  dopants,  and  combustion  air  were  introduced  into  the  burner  section  through  an  International 
Flame  Research  Foundation  (IFRF)  moveable-block,  variable-air,  swirl  burner.  Further  details  regarding  the 
experimental  combustor  can  be  found  elsewhere  [5,6].  The  other  rig,  located  at  the  University  of  Arizona, 
consisted  of  a  7-meter  tall,  12kW  downflow  combustor.  Details  can  be  found  elsewhere  [7,8].  Like  the  EPA 
furnace,  this  facility  was  also  designed  to  have  a  time  and  temperature  history  similar  to  a  full-scale  system,  yet, 
it  was  well  defined  and  could  be  considered  one-dimensional.  In  both  systems,  metals  could  be  introduced  into 
a  natural  gas  flame,  through  an  atomizer  in  the  form  of  the  aqueous  stream.  Metal  salts  were  dissolved  in 
distilled  water  in  a  quantity  such  that  the  concentrations  of  each  metal  on  an  elemental  basis  are  lOOppm  in  the 
flue  gas.  In  this  paper,  all  the  pulverized  coal  results  reported  were  obtained  from  the  17kW  University  of 
Arizona  (UA)  down-fired  furnace,  while  mercury  and  chromium  speciation  data  were  gleaned  from  the  59kW 
EPA  refractory  lined  furnace.  Results  describing  the  metal  /sorbent  interactions  reported  here  are  taken  from 
data  from  the  UA  furnace.  Here,  kaolinite  or  lime  sorbents  were  introduced  as  powders  suspended  in  nitrogen 
through  a  port  downstream  of  the  combustion  zone. 
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Particulate  samples  were  taken  by  the  isokinetic  sampling  and  size  segregation  system  shown  on  Fig  2.  The 
samples  were  drawn  into  a  sampling  probe,  immediately  mixed  with  a  controlled  amount  of  nitrogen.  The 
nitrogen  immediately  quenched  the  stream  and  stopped  all  subsequent  reactions.  The  diluted  sample  was 
directed  immediately  to  an  impactor,  which  performed  the  size  segregation  on  the  particles.  A  variety  of 
impactors  were  used.  The  atmospheric  pressure  Andersen  impactor  allowed  segregation  onto  nine  stages  while 
the  Micro  Orifice  Uniform  Deposition  Impactor  allowed  better  resolution  for  the  smaller  particle  size  range.  The 
Berner  low-pressure  impactor  (BLPI)  is  the  experimental  centerpiece  for  much  of  the  data  presented  here  and  is 
also  shown  on  Fig  2.  Whereas  conventional  cascade  imjpactors  operate  at  atmospheric  pressure  under  which 
separations  are  performed  purely  by  varying  the  gas  velocity  through  successively  smaller  orifices,  the  BLPI,  by 
operating  at  low  pressures,  is  able  to  take  advantage  of  the  compressible  flow  properties  and  can  attain  much 
smaller  particle  cut-off  diameters  than  atmospheric  impactors. 


Fie.  2.  Schematic  of  sampline  and  LPI  size  sesreeation  system 


The  BLPI  is  composed  of  eleven  stages  having 
aerodynamic  cut-off  diameters  ranging  from  15.7pm 
to  0.0324pm.  The  stage  is  composed  of  an  orifice 
plate  above  a  substrate  and  a  substrate  holder.  The 
substrate  is  held  in  place  by  a  ring,  which  also  acts  as  'i 
a  spacer  between  the  orifice  plate  and  the  substrate.  a 
The  flow  rate  through  the  BLPI  is  regulated  by  the  x 
last  orifice  plate,  which  acts  as  a  sonic  orifice.  The  | 
absolute  pressure  after  this  final  orifice  plate  is  S 
approximately  8  kPa.  A  full  description  of  this  © 
apparatus  and  its  performance  can  be  found  in  5 
reference  [9].  ^ 

4) 

O 

The  mode  within  the  particle  size  distribution  in  o 
which  the  metal  of  interest  escapes  is  used  to  infer  a 
pertinent  mechanisms  controlling  its  fate.  For  g 
example,  the  efficacy  of  reactive  capture  of  toxic  < 
metals  by  sorbents  can  be  determined  by  determining 
how  sorbent  addition  shifts  the  particle  size 
distribution  (PSD)  containing  the  metal.  Previous 
work  [7,8]  has  shown  that  when  metal  vapors  are 
sampled  they  appear  as  a  very  fine  nuclei  fume  at 
about  0.1  )um  diameter. 


Fig.  3.  Arsenic/calcium  correlation  for  three  US 
coals 
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3.  RESULTS 


Arsenic  and  Selenium  During  Pulverized  Coal 
Combustion. 

The  fate  of  arsenic  and  selenium  during  coal  combustion 
is  discussed  here  in  the  context  of  the  mechanism 
pathways  shown  in  Fig  1.  Experiments  were  conducted 
on  the  University  of  Arizona  17  kW  laboratory 
combustor,  in  which  pulverized  coal  was  burned  in  a 
self-sustaining  mode.  Experimental  results,  not  shown 
here  for  lack  of  space,  have  established  [10]  that  most  of 
the  arsenic  in  fly  ash  from  pulverized  coal  combustion  is 
contained  in  particles  less  than  1-2  ^m,  which  is  in  the 
fine  particle  range.  However,  although  arsenic  is  a  semi¬ 
volatile  metal,  there  is  little  evidence  that  arsenic  vapors 
form  arsenic  rich  nuclei  in  the  exhaust.  Rather,  arsenic 
is  associated  with  calcium,  when  that  metal  is  present  in 
coals.  Fig  3  shows  the  correlation  between  arsenic  and 
calcium  for  three  US  coals.  The  upper  two  panels  show 
good  correlation  between  these  two  elements  for 
samples  taken  at  the  exhaust  (2.2  s  residence  time),  but 
not  necessarily  closer  to  the  flame  at  0.5s  residence  time. 
The  lower  panel,  for  the  Ohio  coal,  does  not  show  a 
correlation  between  arsenic  and  calcium,  suggesting  that 
any  association  between  these  elements  is  weak  for  that 
coal.  The  two  coals  in  the  upper  panels  contained 
sufficient  calcium  to  react  with  the  available  arsenic. 
The  Ohio  coal  in  the  bottom  panel  did  not  contain 
enough  calcium  for  sorption  of  the  arsenic  available. 
These  data  suggest  that  arsenic  will  follow  calcium,  and 
that  the  ensuing  particle  size  segregated  speciation 
particle  is  determined  by  the  aerosol  mechanisms 
followed  by  the  calcium. 

Analogous  selenium  data  are  shown  on  Fig.  4  and  show 
that  selenium  is  rapidly  associated  with  calcium  early  in 
the  flame.  This  is  true  even  for  the  low  calcium  Ohio 
coal,  and  indicates  that  calcium  reacts  more  rapidly  with 
selenium  that  it  does  with  arsenic.  For  all  three  coals, 
selenium  is  associated  with  calcium,  very  early  in  the 
combustion  process,  at  0.5  sec  residence  time.  Calcium 
is  clearly  a  very  important  metal  in  determining  the 
ultimately  partitioning  of  both  arsenic  and  selenium. 

Mercury  Speciation 

Elemental  mercury  accumulation  on  the  planet  earth  is  a 
global  issue.  However,  emission  of  oxidized  mercury 
becomes  a  local  environmental  issue.  Speciation  of 
mercury  is  important,  since  oxidized  mercury  is  soluble 
and  thus  removable  from  stack  gases.  Fig.  5  shows 
results  from  73kW  natural  gas  flames  doped  with 
Hg(N03)2  such  that  100  ppb  Hg  in  the  stack  gas  was 
produced  at  a  fiiel/air  stoichiometric  ratio  (SR)  of  l(fuel 
lean),  or  140  ppb  Hg  at  SR=0.8  (fuel  rich).  Chlorine  and 
SO2  levels  were  500  ppm  and  1000  ppm,  respectively,  at 
SR=1.2.  The  Ontario  Hydro  Method  was  used  for  Hg 


Calcium  Concentration  on  Stage  x  (wt%) 


Fig.  4.  Selenium/calcium  correlation  for  three 
US  coals 
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Fig.  5.  Mercury  speciation  -  doped  gas 
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analysis,  and  the  sample  was  withdrawn  at  a  temperature  of  640K.  The  data  show  that  chlorine  added  as  CI2  to 
the  air  stream  at  the  burner,  allowed  almost  complete  conversion  of  mercury  to  the  ionic  form.  Note  that  less 
than  Ippm  CI2  can  be  expected  to  leave  the  flame  with  the  remainder  probably  converted  to  HCl.  It  is  not 
surprising  that  similar  results  were  obtained  when  chlorine  was  added  to  the  flue  gas  downstream.  Slight 
oxidation  was  also  observed  with  addition  of  SO2.  However,  only  elemental  Hg  was  observed  in  the  absence  of 
additives,  and  under  all  rich  conditions,  with  or  without  CI2  or  SO2  additives. 


rhrnmium  Spcciation  and  PSD. 

Speciation  of  chromium  is  an  important  issue, 
since  the  hexavalent  form  of  chromium  is  much 
more  harmful  to  human  health  than  is  the 
trivalent  form,  which  is  quite  environmentally 
benign.  Fig.  6  shows  results  from  the  EPA 
59kW  refractory  lined  furnace,  in  which 
hexavalent  and  trivalent  forms  of  chromium, 
CrOa  and  Cr(N03)3,  were  added  to  distilled 
water  and  sprayed  into  a  gas  flame.  Due  to  Cr 
digestion  problems,  the  analysis  of  total 
chromium  is  quite  difficult;  a  caustic  fusion 
method  was  employed  as  described  in 
Reference  [11].  Clearly  at  these  conditions,  the 
initial  form  of  chromium  has  a  large  influence 
on  the  particle  size  distribution  (PSD)  emitted, 
while  it  appears  to  have  no  influence  on  the 
speciation  of  chromium.  The  fraction  of 
chromium  that  is  generated  as  hexavalent 
chromium  is  very  small,  and  less  than  1%  in  the 
absence  of  chlorine.  In  further  experiments, 
hexavalent  chromium  formation  is  enhanced  by 
chlorine  (to  5%  fraction  emitted)  but  greatly 
diminished  by  sulfur.  In  fact,  the  addition  of 
sulfur  can  completely  suppress  the  formation  of 
hexavalent  chromium  in  combustion  systems. 


Fig.  6.  Chromium  wastes:  effects  of  inlet  speciation 
(Cr*^  versus  Cr^*)  on  outlet  PSD  and 
speciation 


Reactive  Scavenging  of  Hot  Toxic  Metal  Vapors  by  Sorbents, 

The  efficacy  of  reactive  capture  of  toxic  metals  by  sorbents  can  be  determined  by  determining  how  sorbent 
addition  shifts  the  particle  size  distribution  (PSD)  containing  the  metal.  Previous  work  [8]  has  shown  that  metal 

vapors  appear  as  a  very  fine  particles  (-0.1 


Fig, 


7.  Lead  capture  by  kaolinite  in  a  single 
metal/sorbent  system. 


pm  aerodynamic  diameter)  when  extracted 
by  the  sampling  system  described  earlier. 
Further,  there  is  insufficient  time  within  the 
sampling  system  for  significant  coagulation 
to  occur.  Discrimination  between  physical 
condensation  and  reactive  scavenging  is 
more  difficult.  The  former  process  cannot 
occur  above  the  metal  dewpoints,  and,  at  the 
concentrations  encountered  here,  generally 
requires  a  greater  external  surface  area  than 
that  afforded  by  the  sorbent  injection  rates 
here.  In  this  paper,  we  restrict  ourselves  to 
three  systems:  1)  lead  capture  by  kaolinite 
and  lime,  2)  cadmium  capture  by  kaolinite 
and  lime,  and  3)  mixtures  of  lead  and 
cadmium  interacting  with  kaolinite  sorbent. 
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Cr(Vl)  as  %  of  total  Cr  measured 


Pb/kaolinite  and  Pb/lime  systems.  Figures  7 
and  8  show  the  changes  in  lead  aerosol  size 
distribution  when  kaolinite  (Fig  7),  and  hydrated 
lime  (Fig  8),  are  individually  injected  at  ~1450K. 
Samples  were  taken  at  the  bottom  of  the  furnace 
(-900K),  below  the  dewpoint  of  the  metals. 

Without  sorbent,  the  sampled  lead  aerosol  has  a 
predominant  size  of  0.1pm  (Fig  7),  suggesting  a 
freshly  coagulated  aerosol  of  lead  nuclei.  Upon 
introduction  of  kaolinite  powder,  the  lead  PSD 
shifts  by  over  a  factor  of  10  in  particle  size,  and 
(except  for  a  fine  aluminum  tail)  appears  to 
correlate  with  the  aluminum  PSD,  which  is 
represents  the  injected  sorbent  powder.  With  lime 
injection  (Fig  8),  no  change  in  the  lead  aerosol  psd 
is  discerned.  Clearly  lead  is  almost  completely 
reactively  captured  in  Fig  7,  whereas,  only  a  small 
portion  is  scavenged  (most  probably  by  physical 
condensation)  by  lime  in  Fig  8.  Therefore, 
comparison  of  Figs  7  and  8  allows  reactive 
scavenging  and  simple  physical  condensation 
processes  to  be  distinguished  in  samples  taken  after 
the  metal  dewpoint.  At  the  metal  and  sorbent 
concentrations  used  here,  reactive  scavenging  is 
demonstrated  by  the  data  in  Fig.  7,  while  other 
forms  of  interaction  are  demonstrated  in  Fig.  8 
(although  partial  reaction  cannot  be  completely 
ruled  out,  unless  samples  are  also  taken  above  the 
dew  point). 


Fig.  8.  Lack  of  lead  capture  by  lime  in  a  single 
metal/sorbent  system. 


Cd/kaolinite  and  Cd/lime  systems.  Figs.  9  and 
10  show  the  analogous  data  for  cadmium  capture 
on  kaolinite  (Fig.  9)  and  cadmium  capture  on  lime 
(Fig.  10)  where  each  experiment  consisted  of 
injection  of  one  metal  and  one  sorbent  at  a  time. 
Fig.  9  shows  that  cadmium  is  partially  captured  by 
kaolinite,  but  substantially  more  so  than  lead  was 
captured  by  lime.  The  coarse  cadmium  peak  is 
believed  to  represent  partial  scavenging,  rather  than 
physical  condensation  because  of  the  large  fraction 
of  cadmium  that  was  transferred  to  the  coarse 
particle  size.  Results  below  support  this 
conclusion. 


Fig.  9. 


Cadmium  capture  by  kaolinite  (single 
metal,  single  sorbent). 


Fig.  10.  Cadmium  capture  by  lime  (single  metal, 
single  sorbent) 


Multiple  metals.  Pb  and  Cd.  interactin2  with 
kaolinite.  Experiments  were  performed  in  which 
the  flue  gas  contained  100-ppm  lead  vapor  together 
with  100-ppm  cadmium  vapor.  Dew  points  for 
lead  and  cadmium  were  very  close  and  lay  within 
25K  of  each  other.  Hence  times  for  reaction  between  metal  vapor  and  sorbent  are  the  same  for  both  metals. 
Results  are  shown  on  Figs  11  and  12,  a  comparison  of  which  clearly  demonstrates  that  lead  is  preferentially 
reactively  scavenged  by  kaolinite.  Essentially  all  of  the  lead  follows  the  coarse  aluminum  mode,  whereas 
essentially  none  of  the  cadmium  is  now  affected  by  the  kaolinite.  Additional  experiments  in  which  the  multi¬ 
metal  mixture  was  exposed  to  lime  sorbent  showed  that,  as  expected,  the  lime  captured  the  cadmium,  but  not  the 
lead.  These  data  are  not  presented  here. 
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Aerodynamic  Diameter  (vum) 


Fig.  11.  Lead  capture  by  kaolinite  in  a  multi- 
metal  Pb-Cd/single  sorbent  system 


Fig.  12.  Cadmium  capture  by  kaolinite  in  the 

multi-metal  Pb-Cd,  single  sorbent  system 


4.  CONCLUSIONS 

Arsenic  and  selenium  from  pulverized  coal  appear  to  be  associated  with  calcium  when  there  is  sufficient 
calcium  present  in  the  coal.  When  calcium  levels  are  low,  as  in  the  Ohio  coal,  there  is  no  correlation  between 
arsenic  and  calcium,  although  there  is  a  correlation  between  selenium  and  calcium.  Selenium  and  calcium 
appear  to  react  rapidly  in  the  combustion  zone,  while  arsenic  and  calcium  react  more  slowly  downstream  in  the 
post  flame  region. 

Mercury  speciation,  oxidized  versus  elemental,  seems  to  be  profoundly  influenced  by  chlorine,  especially 
molecular  chlorine.  Results  suggest  that  oxidized  mercury  can  only  be  found  under  lean  combustion  conditions. 
Chromium  in  the  exhaust  appears  primarily  as  trivalent  chromium,  with  less  than  1%  present  as  hexavalent 
chromium,  which  is  mutagenic.  The  outlet  valency  form  appears  to  be  independent  of  the  form  that  was  fed  to 
the  furnace.  The  outlet  PSD  depended  strongly  on  the  initial  form  fed  to  the  furnace. 

Emissions  of  toxic  metals,  which  constitute  an  environmental  problem  in  the  combustion  of  waste  and  fossil 
fuels,  can  possibly  be  managed  through  the  injection  of  commercial  sorbents,  such  as  kaolinite  and  lime. 
Kaolinite  is  very  effective  at  reactively  scavenging  lead  vapor,  and  moderately  effective  at  captunng  cadmium, 
provided  there  is  little  competition  for  reactive  sites.  When  both  lead  and  cadmium  are  present,  the  kaolinite 
scavenges  lead  preferentially  to  the  cadmium.  The  situation  is  reversed  for  lime  as  a  sorbent.  Lime  captures 
cadmium  very  effectively  but  is  ineffective  for  lead.  These  data  suggest  that  effective  designer  sorbents  for 
multiple  metals  might  consist  of  mixtures  of  kaolinite  and  lime,  for  example.  Additional  work  is  required  to 
determine  the  pertinent  kinetics,  to  develop  models  necessary  for  optimization,  and  to  evaluate  the  total 
environmental  impact  of  the  products  produced. 
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LARGE  UTILITY  BOILERS  BURNING  LOW  GRADE  COALS 
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ABSTRACT.  Low  grade  coals,  such  as  anthracites  and  semi-anthracites  as  well  as  lean  coals,  contain  lower  volatile 
matter  (VM),  while  the  moisture  and  ash  content  are  sometimes  high.  The  conventional  boilers  and  burners  firing 
pulverized  coal  can  not  handle  such  fuels  well  due  to  the  difficulties  of  ignition,  flame  stability  and  carbon  conversion. 

The  boiler  efficiency  generally  is  low  and  unbumed  carbon  in  the  fly  ash  is  high.  The  boiler  load  turn  down  range  is 
poor  while  the  minimum  load  without  oil  support  is  high.  To  successfully  burn  such  fuels,  enhancing  ignition  and  flame 
stabilization  and  a  longer  residence  time  in  a  furnace  are  the  key  technical  issues.  These  steps  can  be  realized  by  burner 
design  and  its  arrangement;  furnace  design  and  its  configuration;  as  well  as  a  combustion  system  type  and  its  application. 
Depending  on  the  coals  as  fired  and  combustion  system  adopted,  the  burner  could  be  a  straight  jet  or  swirl  type.  The 
burner  arrangement  also  could  be  comer  or  wall  firing,  even  a  roof  downshot  firing  with  W-shape  flame.  The  downshot¬ 
firing  furnace  as  approved  is  suitable  for  firing  anthracite.  The  environmental  concerns  burning  low  VM  coals  are  more 
serious  compared  to  the  case  of  burning  high-grade  coals  (bituminous).  Its  NOx  emission  level  is  much  higher  than 
bituminous.  The  available  technologies  for  De-NOx  during  the  combustion  stage  are  too  sensitive  to  coal  quality,  and 
are  sill  under  development  and  improvement.  At  the  current  stage  in  China,  most  of  the  downshot  firing  with  W-shape 
furnaces  are  300-350  MW  in  capacity.  Most  fuels  as  fired  are  blends  of  anthracites  and  lean  coals.  Larger  capacity 
downshot  W-flame  furnaces  are  under  development.  Most  of  lean  coals  firing  units  in  China  have  adopted  corner  firing 
technology.  Performance  on  minimum  load  without  oil  support  of  such  units  should  be  improved. 

1.  INTRODUCTION  [  1,2  ] 

China  has  abundant  low  grade  coal  deposits.  As  being  proven,  17%  of  coal  resource  are  anthracites,  lean  or  meager. 
These  coals  contain  considerably  low  volatile  matter  (VM)  while  the  ash  and  moisture  can  be  high.  The  sulfur  might  be 
high  for  some  kinds  of  low  VM  coals  as  well.  According  to  Chinese  government  directives  regarding  the  energy  policy, 
the  Utility  Industry  is  restricted  to  burning  high  volatile  bituminous  and  fuel  oil,  but  encouraged  to  utilize  low  grade 
coals,  including  low  volatile  bituminous  (lean  coals,  16-18%  VM);  semi-/  anthracites  (VM  less  than  14%)  and  even 
mining  refuse.  To  successfully  burn  such  fuels,  enhancing  ignition,  flame  stabilization  and  a  longer  residence  time  in 
a  furnace  are  the  key  technical  points. 

Since  the  1960s,  the  Chinese  Utility  Industry  has  worked  with  Chinese  Research  Institutes,  Design  Institutes  and 
Universities  to  have  conducted  anthracite  burning  tests  at  utility  boilers,  which  are  tangentially  firing  furnaces  and 
originally  were  designed  to  fire  bituminous.  The  anthracite  burning  test  at  YongAn  PP  is  the  most  famous  test 
conducted.  A  Chinese  report  concluded  the  past  R  &  D  activity:  “Generally  speaking,  due  to  the  low  volatile  content 
(usually  10%  and  below,  min.  down  to  3-4%),  the  ignition  becomes  difficult,  and  the  flame  reveals  unstable,  and  resulting 
into  a  large  amount  of  unburned  carbon  loss  (usually  8-10%,  max.  to  15-16%  min.  to  6-7%).  The  boiler  efficiency  is 
low  (typically  71-86%).  The  minimums  load  without  oil  support  is  high.  Auxiliary  fuel  oil  is  needed  to  stabilize  the 
flame,  and  the  supporting  oil  amount  is  around  10-25%  of  total  furnace  heat  input”.  Those  researches  for  30  years  have 
collected  considerably  useful  experiences  in  burning  low  volatile  coals.  However,  a  Chinese  type  mature  furnace  burning 
low  grade  coal  is  still  under  development. 

Since  the  middle  of  1980s,  several  downshot  W-flame  boilers  were  imported  into  China  firing  low  volatile  blending 
coals.  Commercial  operated  units  demonstrated  that  the  overall  boiler  performance  of  those  units  is  good.  Boiler 
efficiencies  of  these  units  are  all  over  90%.  The  achievements  highlight  a  new  way  to  utilize  low  volatile  coals,  and 
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attract  more  Chinese  users’  interest.  For  the  past  several  years,  these  downshot  firing  projects  increased,  and  the  unit 
capacity  also  increased  to  600  MW. 

Babcock  &  Wilcox  have  supplied  the  first  2-downshot  units  to  China  in  1990.  Then  others  followed  in  next  few  years. 
Due  to  its  energy  policies  of  different  nations  in  the  world,  except  China  only  Spain  has  more  downshot  units  firing  local 
anthracites. 


2.  COAL  RANKING  CLASSIFICATION 
International  Classification  Standard. 

Utility  industry  ranks  low-grade  coal  mainly  per  its  volatile  matter  content  (VM).  The  common  classification  standard 
is  the  ASTM  D-338,  which  ranks  coal  per  its  dry  and  mineral  free  base  VMdmf  amount: 

If  8%<VM  dmf<14%  Semi-anthracite 

2%<VM  dmf<8%  Anthracite 

VM  dmf<2%  Meta-anthracite 

ASTM  D-338  ranks  bituminous  or  other  coals  per  its  dry  and  mineral  free  base  high  heating  value  HHV  dmf  The  VM 
dmf  and  HHV  dmf  are  calculated  by  Parr  correlation  as  follows: 

VMdmf  =  100-100  (FC-0.51S)/[100-(M-i-1.08A)+0.55S)] 

HHVdmf  =  100  (HHV-50S)/[100-(1.08A+0.55S)] 

Note:  items  in  the  right  of  Parr  Correlation  are  so-called  Ainherent  moisture  base=  values. 

Chinese  Utility  Industry  Standard 

Chinese  Utility  recommends  to  use  “AVAWST”  for  coal  ranking,  which  adopts  the  dry  and  moisture  free  base  volatile 
content  as  main  index  and  heating  value  as  sub  index  for  ranking.  Per  this  standard,  there  is  no  semi-anthracite  in 
classification.  Readers  might  refer  to  this  standard  for  details. 

3.  IMPACTS  OF  HIGH  ASH  CONTENT  (PHYSICAL  CHARACTERISTICS) 

The  ash  content  of  a  low  VM  coal  usually  is  considerably  high  (around  15-20%).  It  could  rise  to  as  high  as  30%  due  to 
supplying  mine  changes.  Sometimes  the  moisture  might  be  high  as  well. 

During  a  new  boiler  design,  B&W  has  developed  a  method  to  evaluate  the  impacts  of  ash  content  and  its  components 
on  boiler  performance.  The  B&W  method,  which  evaluates  the  slagging  and  fouling  tendencies,  is  mainly  based  on  the 
ratio  of  acid  oxides  and  base  oxides  and  alkaline  oxides  in  ash.  Per  evaluation,  furnace  size  or  volumetric  heat  release 
rate,  heating  surface  arrangements,  sootblower  number  and  arrangement  will  be  determined.  During  boiler  operation, 
if  the  coal  as  fired  contains  more  ash  than  the  design  coal,  it  could  cause  additional  impacts  on  boiler  operation  and 
performance.  Due  to  the  high,  no  heating  value  inert  in  coal  as  fired,  the  coal  heating  value  is  lower  than  that  of  design 
coal.  To  achieve  a  certain  load  with  the  same  heat  input  from  fuel  to  furnace,  the  amount  of  raw  coal  being  pulverized 
needs  to  be  increased.  If  the  capacity  margin  of  a  pulverizer  is  not  big  enough,  the  boiler  output  might  be  limited.  The 
problem  might  be  solved  by  losing  fineness  requirement  as  trade  in  for  mill  capacity  and  load  demand.  However,  the 
unburned  carbon  loss  will  considerably  increase.  The  ash  shell  suifounding  coal  particles  increases  the  resistance  of 
oxygen  diffusion  to  the  char  core,  and  worsens  the  char  burnout  process.  The  unbumed  carbon  loss  increases.  Fly  ash 
deposit  on  the  heating  surfaces  increases  and  worsens  heat  transfer  of  heating  surface.  The  frequency  of  sootblowing 
increases  for  surface  clearing,  and  the  attempering  water  amount  will  increase. 

Note  the  above  discussion  excludes  the  impacts  of  slagging  due  to  lower  ash  fusion  temperatures  caused  by  ash 
component  change  of  coal  as  fired.  Due  to  a  higher  ash  content,  the  erosions  of  convective  heating  surface,  burner  nozzle 
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and  coal  duct  become  more  severe,  resulting  in  a  shorter  parts  wear  life. 

4.  LOW  VM  COAL'S  KINETIC  CHARACTERISTICS  AND  IMPACTS  [2,3  ] 

The  combustion  behavior  of  low  VM  coals  might  be  concluded  by  these  three  difficulties  :  difficulties  on  ignition,  flame 
stabilization,  and  high  carbon  conversion  of  char  residue.  These  ^Hhree  difficulties’’  will  greatly  impact  on  designs  of 
furnace  configuration;  burner  selection  and  its  arrangements;  as  well  as  the  boiler  performance  as  designed. 

Ignition 

A  common  problem  to  fire  low  VM  coals  is  the  ignition;  i.e.  the  coal-air  jet,  leaving  the  coal  nozzle  and  entering  the 
furnace,  is  not  easily  ignited.  It  needs  more  external  heat  sources  to  support  and  to  provide  sufficient  heat.  The  heating- 
up  process  of  coal  particles  needs  a  longer  time  for  volatile  releasing.  The  ignition  process  will  be  usually  delayed  if 
there  are  no  enhancing  steps.  The  common  criteria  evaluating  the  coal  ignition  characteristics  is  the  so-called  “ignition 
temperature”.  It  is  widely  used,  and  may  be  determined  by  the  weight  loss  profile  of  a  coal  sample  in  TGA.  The  ignition 
temperature  of  anthracites  is  usually  considerably  higher  than  that  of  bituminous.  The  ignition  temperature  range  of  most 
anthracites  is  around  900-1000C  while  the  range  of  bituminous  is  650-750C.  An  index  called  T15C  is  also  used  to 
evaluate  the  ignition  process.  At  the  temperature  of  T15C,  the  coal  sample  temperature  increasing  rate  achieves  15  C 
per  minute  due  to  oxidation  (combustion).  In  China,  a  correlation  based  on  coal  proximate  analysis  to  predict  the  ignition 
characteristics  is  proposed.  The  TGA  weight  loss  profile  of  a  coal  sample  (B&W  named  it  as  burning  profile)  was  used 
to  evaluate  the  ignition  characteristics  by  B&W  first.  A  paper  describing  this  method  was  published  at  ASME  Annual 
Proceedings  of  1967.  Fig.  1  shows  a  sample  of  burning  profile.  The  ordinate  represents  the  sample  weight  loss  rate 
while  abscissa  is  the  temperature.  The  heating  rate  of  a  TGA  furnace  typically  remains  under  constant,  so  the  abscissa 
can  be  read  as  time.  Curves  in  Fig.  1  represent  different  coal  weight  loss.  From  Fig.l,  readers  can  clearly  find  that: 

1)  The  starting  temperature  of  quick  weight  loss  of  anthracite  is  much  higher  than  the  temperature  of  bituminous.  For 
less  VM  of  coal  sample  contents,  the  profile  curve  on  Fig.  1  will  move  towards  to  right.  The  rapid  weight  loss  of 
a  sample  may  be  interpreted  as  the  start  of  combustion.  The  temperature  corresponding  to  the  inflection  point  of 
a  weight  loss  curve  is  read  as  the  “ignition  temperature”. 

2)  The  maximum  weight  loss  rate  of  anthracite  is  lower  than  the  rate  of  bituminous.  It  means  that  the  burning  rate  of 
anthracite  is  smaller  than  that  of  bituminous. 

3)  After  the  curve  peak,  the  weight  loss  curve  of  bituminous  decays  faster  than  anthracites.  It  indicates  that  the  burnout 
process  of  anthracite  char  residue  is  slower  than  bituminous. 

The  heating  history  of  coal  particles  from  coal  nozzle  into  actual  utility  furnace  is  quite  different  than  the  case  in  TGA 
furnace.  There  is  magnitude  difference  on  heating  rate.  The  behavior  of  volatile  release  under  a  rapid  heating  up  process 
is  considerably  different  with  TGA’s  process.  It  has  been  reported  in  many  literatures.  Therefore,  the  ignition 
temperature  obtained  from  TGA  provides  relative  information  only.  It  is  found  that  ignition  temperatures  obtained  from 
different  TGA  devices  might  give  different  values  for  a  same  type  of  coal. 

B&W  has  accumulated  a  lot  of  burning  profile  data  of  North  American  coals.  B&W  has  also  collected  many  ignition 
information  of  those  coals  from  utility  boilers.  By  comparing  a  burning  profile  of  an  unknown  coal  to  ignition 
information  in  our  database,  the  ignition  characteristics  of  an  unknown  coal  can  be  predicted. 

The  heat  released  by  volatile  burning  greatly  supports  the  ignition  process  of  char  residue.  The  anthracite  can  not 
provide  sufficient  heat  to  ignite  the  char  on  time  due  to  its  low  VM  content,  its  delayed  releasing  and  burning,  and 
possibly  a  lower  volatile  heating  value.  To  overcome  the  ignition  difficulty,  it  is  necessary  to  take  steps  to  enhance  the 
ignition  by  adding  more  external  heat  sources.  These  steps  of  enhancing  ignition  may  be  achieved  by  furnace 
configuration,  burner  type,  pulverizing  and  combustion  air  system  designs  and  their  arrangements. 

Flame  Stabilization 

A  continued  flame  torch  after  ignition  should  be  retained  and  is  another  key  issue  to  burn  low  VM  coal.  If  the  flame 
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becomes  unstable  or  lost,  it  will  cause  a  furnace  pressure  fluctuation.  In  a  serious  case,  it  might  cause  a  furnace 
explosion.  Whether  the  flame  can  be  stable,  depends  on  a  dynamic  balance  between  the  coal  jet  velocity  and  the  flame 
propagation  velocity.  The  factors  impacting  the  flame  propagation  velocity  are  mainly  dependent  on  the  following  4 
factors: 

1 )  VM  content.  The  flame  propagation  velocity  of  a  coal  jet  is  mainly  dependent  on  VM  amount  and  its  heating  value 
of  coal  as  fired.  Higher  VM  content  and  its  heating  value  are  favorable  to  form  a  higher  flame  propagation  velocity. 

2)  Air/fuel  ratio  Icoal  concentration).  Within  a  typical  range  of  coal-air  jet  concentration  of  utility  boilers,  a  dense  coal 
jet  is  favorable  to  form  a  high  flame  propagation  velocity. 

3)  Mean  size  of  pulverized  coal  particles.  Within  a  common  size  distribution  range  of  utility  boiler  operation,  finer  size 
distribution  is  good  for  high  flame  propagation.  It  will  also  reduce  the  dependency  of  flame  propagation  velocity 
on  VM. 

4)  Ash  content.  A  negative  impact  of  ash  content  on  flame  propagation  was  observed.  With  an  increase  of  ash  content, 
flame  propagation  velocity  might  reduce. 

In  conclusion,  the  most  important  factor  impacting  flame  stability  is  the  VM  content  and  its  quality,  which  is  a  nature 
of  coal  as  fired,  and  can  not  be  changed.  The  coal  jet  concentration  and  pulverized  coal  size  are  operation  factors,  and 
can  be  adjusted. 

Burnout  Process  of  Char  Residue 

The  reactivity  of  a  low  VM  coal  char  residue  is  normally  lower  than  that  of  high  VM  coals.  The  specific  area  of  char 
residue  available  for  oxidation  is  smaller  due  to  less  porosity.  The  oxidation  of  char  is  a  heterogeneous  type  reaction. 
The  thicker  ash  shell  surrounding  the  char  core  increases  the  resistance  of  oxygen  to  char  external  surface.  Therefore 
the  burning  rate  of  low  VM  char  is  normally  smaller  than  that  of  bituminous  char.  In  order  to  achieve  a  reasonable  and 
acceptable  carbon  conversion,  the  residence  time  of  char  residue  in  a  furnace  needs  to  be  longer.  Increasing  the  furnace 
height  and  adopting  special  furnace  configuration  to  achieve  a  longer  residence  time  in  furnace  are  common  ways. 
Increasing  combustion  air  turbulence  at  burnout  stage  of  char,  improving  the  diffusion  of  oxygen  to  char  surface,  and 
properly  increasing  overall  excess  air  are  other  common  steps. 

Combustion  Behavior  of  a  Blended  Coal 

Utility  industry  usually  bums  very  low  VM  coals  by  blending  some  percentages  of  lean  coal.  B&W  experience  indicates 
that  the  combustion  behavior  of  a  blended  coal  is  normally  worse  than  a  single  specie  coal  with  an  equal  VM  content. 
In  China,  all  of  the  operating  low  VM  firing  downshot  units  and  most  of  the  lean  coal  firing  units  burn  blended  coals. 
The  weighted  mean  VM  amount  of  a  blended  coal  can  not  directly  be  used  to  evaluate  its  combustion  characteristics. 
An  equivalent  VM  amount  of  a  blended  coal  should  be  used.  This  equivalent  VM  of  a  blended  coal  varies  with  blending 
ratio,  and  it  is  normally  smaller  than  the  weighted  mean  value  of  volatile  matter  by  blending  coal  species. 

5.  TECHNICAL  SOLUTIONS  FOR  BETTER  BURNING  LOW  VM  COALS  [1,4,5  ] 

Low  VM  coal  firing  demands  more  external  ignition  heat  sources  to  support  ignition.  These  heat  sources  include  the 
heat  brought  back  by  recirculating  high  temperature  flue  gas;  the  heat  from  flame  torch  and  furnace  arch  and  walls  by 
radiation;  and  the  heat  carried  in  by  the  coal-air  jet  itself  with  a  higher  combustion  air  temperature.  Per  approximately 
estimating,  the  recirculating  flue  gas  is  a  very  effective  way,  and  it  can  provide  the  most  external  heat  for  ignition.  High 
temperatures  of  coal-air  jet  and  secondary  air  entering  to  furnace  reduce  the  dependency  of  ignition  on  other  external 
sources.  The  technical  solutions  of  enhancing  ignition  are  the  applications  of  the  above  steps  alone  or  in  combination. 
Steps  For  Enhancing  Ignition 

1)  Increasing  Coal/Air  Jet  Temperature,  Primary  Air  fPA)  Exchange 

Increasing  the  temperature  of  coal/air  jet  entering  the  furnace  can  greatly  reduce  the  demand  on  external  ignition 
heat  resources.  Its  strong  effect  on  enhancing  ignition  has  already  been  known,  and  applied  in  bin  system  (indirect) 
firing  for  many  years.  The  indirect  firing  system  has  a  limitation  to  apply  a  higher  temperature  PA  as  dry  and  carrier 
medium  due  to  the  mill  operation  and  pipe  safety  concerns.  If  the  PA  temperature  is  increased  by  air  exchange  just 
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at  furnace  front,  it  can  avoid  negative  impacts  of  high  temperature  P A.  Almost  all  types  of  burners  burning 
anthracites  have  applied  the  principle. 


B&W’s  PAX  burner,  developed  15  years  ago,  does  apply  this  principle.  The  PAX  burner  adopts  a  mechanically 
simple,  rather  low  resistance,  internal  air  exchange  device.  Fig.  2  illustrates  the  structure.  When  a  low  temperature 
PA  stream  enters  into  the  burner  elbow,  the  PA  stream  is  separated  due  to  the  centrifugal  force.  A  certain  amount 
(say  around  45-55%)  of  colder  air  and  10%  fine  coal  in  the  stream  are  separated,  and  flow  out  the  burner.  The  90% 
pulverized  coal,  together  with  the  rest  of  air  (55-45  %)  in  the  stream  continues  forward  to  the  coal  nozzle  where 
it  merc'es  with  a  hotter  air  stream  from  the  secondary  air  (SA)  windbox.  The  mixed  air-coal  temperature  in  the 
coal  nozzle  tip  is  boosted  to  approximately  350-400  F,  depending  on  the  SA  temperature  and  colder  air  amount 
replaced  by  hot  air.  The  concentration  of  the  air-coal  mixture  in  the  PA  stream  into  the  furnace  might  be  increased 
too  depending  on  the  amount  of  replacing  air.  The  PA  separation  and  replacement  can  also  be  done  by  an  external 
cyclone  device  at  the  furnace  front.  Some  venders  adopt  this  method.  The  cyclone  separation  is  mainly  to  increase 
the  coal-air  jet  concentration  for  ignition  enhancing. 

2)  Increasing  Hot  Flue  Gas  Recirculation  Back  to  Burner  Front 

This  is  the  most  effective  step  for  enhancing  ignition.  Not  only  a  sufficient  amount  of  high  temperature  flue  gas 
back  to  coal  nozzle  tip,  but  also  a  preferred  recirculation  zone  (size,  shape  and  location)  is  critical.  Compared  to 
other  type  burners  such  as  slots  or  round  straight  jet,  the  multi-coaxial  jet  type  swirl  burner  has  great  advantages 
on  this  task.  B&W  PAX  burner  applies  dual  co-axial  swirling  jets  for  burner  secondary  air  registration.  It  not  only 
meets  a  certain  recirculation  request,  but  also  creates  a  sufficient  jet  momentum  to  penetrate  deeply  for  further  char 
burnout.  Fig.  3  shows  the  PAX  burner  secondary  air  register  sketch.  B&W  names  the  duals  SA  zone  register  as 
XCL,  an  aXial  Control  Low-VM  swirling  type  register.  The  SA  combustion  air  enters  the  burner  through  a  sliding 
drum,  then  splits  into  two  streams  to  outer  and  inner  SA  air  zones.  In  the  outer  air  zone,  there  are  a  set  of  fixed 
vanes  and  a  set  of  adjustable  vanes  with  only  a  set  of  adjustable  vanes  in  the  inner  air  zone.  The  adjustable  vanes 
are  operated  by  a  push-pull  mechanism.  The  inner  vanes  are  mainly  designed  to  control  the  recirculation  of  hot 
flue  gas  while  the  outer  vanes  are  designed  to  control  depth  of  penetration  and  further  mixing  for  char  burnout. 
The  combination  of  proper  swirling  created  by  the  outer  and  inner  air  jets  results  in  a  proper  high  temperature 
recirculation  zone  to  enhance  ignition.  With  different  burner  settings,  the  size,  shape  and  location  of  recirculation 
zone  can  be  controlled  to  meet  variations  of  coal  quality  as  supplied.  The  airflow  measurement  device  in  each 
burner  provides  better  burner  balancing  among  the  burners  in  a  same  compartment  windbox.  This  controlled  Air 
Mixing  Feature  of  PAX  is  unique. 

3)  Increasing  Radiation  Heat 

Lining  refractory  on  furnace  walls  to  reduce  heat  absorption  and  to  increase  furnace  temperature  level  will  provide 
more  radiation  heat  to  support  ignition.  This  also  is  a  very  common  method.  The  lining  areas  of  a  furnace  could 
be  the  lower  furnace  shelf,  and  partial  or  whole  areas  of  vertical  walls  of  lower  furnace.  The  lining  covered  areas 
are  depended  on  the  ignition  characteristics  of  coal  as  fired  and  the  minimum  load  required.  The  furnace  wall  lining 
might  sometimes  increase  the  slagging  potential  for  some  strong  slagging  tendency  coals.  This  could  be  limited 
by  a  proper  burner  arrangement  eliminating  flame  impingement  to  furnace  wall,  a  proper  registering  combustion 
air  to  avoid  the  reducing  environment  near  furnace  wall,  and  proper  selection  of  furnace  volumetrical  heat  release 
rate.  To  do  so,  the  slagging  concern  will  be  greatly  reduced. 

4)  Proper  Furnace  Type  .  ■  ,  ■  f  i 

Depending  on  the  coal  as  fired,  conventional  wall  firing  (opposed  or  comer)  generally  might  be  suitable  tor  lean 
coal  firing!  while  downshot  firing  with  a  W-flame  shape  furnace  is  favorable  to  anthracite  firing  due  to  its  longer 
residence^time.  One  Japanese  boiler  works  adopts  tangential  firing  with  a  U-shape  flame  tilting  down  to  increase 
resident  time  for  anthracite  burning.  There  is  no  commercial  unit  applying  this  working  principle  so  far.  Fig.  4 
is  the  furnace  sketch  with  refractory  lining  locations  of  a  B&W  downshot  furnace. 

5)  Applying  More  Fine  Pulverized  Coal 
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Adopting  high  fineness  reduces  the  time  for  pre-heating  to  promote  VM  quick  and  early  release  and  burn.  For 
anthracites,  85%-90%  passing  200  mesh  is  commonly  applied. 

Steps  for  Flame  Stabilization 

This  can  be  achieved  by  either  increasing  flame  propagation  velocity  of  the  coal-air  jet  or  by  properly  selecting  a  nozzle 
velocity. 

1)  Increasing  the  jet  concentration  to  have  a  higher  flame  propagation  velocity.  B&W  experience  reveals  that  the 
air/coal  mass  ratio  in  PA  jet  should  maintain  1.8  or  below  for  semi-anthracite  while  further  lower  for  anthracite. 
B&W  PAX  and  other  types  of  low  VM  burners  have  a  dense  feature.  Separating  an  entering  coal/air  jet  being 
dense  and  lean  jets  by  mechanical  or  centrifugal  methods  is  a  common  step.  The  finer  particle  in  jet  will  also  help 
the  flame  propagation. 

2)  Flame  Containing  Device.  A  bluff  body  type  flame-containing  device  is  typically  considered.  China  has  a  lot  of 
practice  in  this  area.  B&W  also  has  similar  experiences. 

3)  Properly  Select  Design  Nozzle  Velocity.  In  order  to  contain  the  flame  and  not  being  blown  off,  the  PA  velocity 
must  be  reduced  to  a  certain  range.  Per  B&W  experience,  the  nozzle  design  velocity  should  be  properly  limited 
within  15-16  m/s.  If  coal  is  much  worse,  the  velocity  might  be  reduced  further  to  13-14  m/s. 

4)  Increasing  PA  temperature  entering  the  furnace  and  refractory  lining  on  burner  zone  of  furnace  walls  as  well  as 
properly  arranging  operating  pulverizes  and  burners  can  also  help  flame  stabilization.  With  a  certain  boiler  load, 
keeping  a  higher  load  on  operating  burners  (less  mills  in  service)  will  also  help  flame  stabilization.  Comer  firing 
can  not  easily  achieve  this.  The  B&W  PAX  burner  can  be  operated  around  its  half  load  with  a  stable  flame. 

Steps  for  Better  Burnout 

A  longer  residence  time  in  a  furnace  for  a  high  carbon  conversion  can  be  achieved  by  a  proper  furnace  configuration 
(type  and  height).  Enhancing  the  char  oxidation  reactivity  by  a  strong  turbulence,  increasing  excess  air  to  improve  the 
oxygen  diffusion  to  char  core  surface,  as  well  as  grinding  coal  more  fine  to  have  higher  specific  char-oxygen  reaction 
area  are  the  technical  steps  being  considered. 

1)  A  longer  residence  time  in  furnace.  A  proper  furnace  type  is  mainly  selected  by  the  expected  boiler  performance 
and  fuel.  If  the  fuel  as  fired  is  anthracite  or  semi-anthracite  and  boiler  efficiency  is  still  expected  to  pass  90%, 
B&W  will  recommend  adopting  a  downshift-firing  furnace  with  W-shape  flame.  If  the  residence  time  in  furnace 
is  3  seconds  or  longer,  the  unbumed  carbon  loss  is  expected  to  be  around  2.5%-3.0%  firing  anthracite.  For  the  lean 
coal  firing,  a  wall-firing  furnace  with  a  sufficient  furnace  height  might  be  good  enough. 

2)  Air  staging.  A  sufficient  downshot  momentum  is  a  key  issue  for  a  longer  residence  time  and  a  better  turbulence 
at  burnout  stage  for  a  downshot  furnace.  B&W  adopts  the  staging  airports  to  admit  staging  air  to  the  furnace. 
Others  use  the  holes  (openings)  through  furnace  membrane  wall  as  the  stage  airport.  The  angle  of  staging  air  jet 
is  recommended  to  be  parallel  to  the  furnace  hopper  slope.  The  staging  air  amount  is  recommended  to  maintain 
main  combustion  zones  excess  air  to  close  to  or  slightly  greater  than  the  theoretical  air.  The  staging  air  velocity 
might  be  selected  close  to  the  velocity  of  secondary  air.  Fig.4  shows  the  arrangement. 

3)  Higher  Overall  Excess  Air.  The  overall  excess  air  burning  semi-or  anthracite  is  suggested  to  be  higher  than  25%. 
The  worse  the  coal  quality,  the  higher  overall  excess  air  to  apply. 

4)  Proper  pulverizing  system  and  combustion  system.  Any  improvement  on  overall  fineness  should,  in  general,  help 
the  char  burnout.  The  coarse  particles  portion  is  only  a  very  small  portion  of  entire  particle  size  distribution,  but 
it  makes  a  large  contribution  to  overall  unbumed  carbon  loss  due  to  its  difficulty  for  burnout.  The  overall  fineness 
of  a  ball  mill  might  be  better  than  a  medium  speed  spin  mill,  especially  the  portion  passing  200  mesh.  Users  often 
favor  ball  mills.  However,  the  coarse  portion  (passing  50  -70  meshes)  of  a  ball  mill  is  normally  larger  than  a 
medium  speed  spin  mill.  This  is  easy  to  be  neglected  by  users. 

6.  THE  NOx  EMISSION  CONCERNS  BURNING  LOW  VM  COAL  [  4  ] 

The  major  pollutants  from  utility  boilers  burning  fossil  fuels  are  NOx  and  SOx.  The  environment  issue  is  a  global 
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concern.  The  De-NOx  regulation  in  China  has  just  been  executed  since  1997  (ref.  to  GB  132334996,  Chinese 
Regulation).  Only  new  boilers  after  1997  with  capacity  greater  than  1000  t/h  steam  (300-350  MW)  will  be  mandated 
to  comply.  Chinese  standard  takes  one  limit  for  all  types  of  boilers  regardless  the  coal  type.  The  limit  is  650  mg/NM 
(0.531b/MBtu).  ERA  NOx  limit  is  738  mg/NM3  (0.6  Ib/MBtu)  for  most  types  of  boiler  and  fuels. 

NOx  Formation  and  Its  Harmfulness 

The  combustion  of  pulverized  coal,  fuel  oil  and  gas  produces  nitric  oxide  (NO),  a  major  pollutant.  Pollutants  of 
secondary  important  formed  between  Nitrogen  and  Oxygen  are  nitrogen  dioxide  (N02)  and  nitrous  oxide  (N20).  The 
sum  of  NO,  N02  and  N20  are  termed  as  “NOx”.  The  NOx  causes  the  photochemical  smog  and  destroys  the  ozone  to 
pollute  the  air.  NOx  per  its  formation  mechanisms  during  combustion,  could  be  distinguished  as  Thermal  NOx,  Prompt 
NOx,  and  Fuel  NOx.  The  molecular  nitrogen  in  combustion  air  is  related  to  the  formation  of  the  thermal  NOx  and 
prompt  NOx;  while  the  elementary  nitrogen  situated  in  fuel,  mostly  existing  as  organic  components,  contributes  the  fiiel 
NOx.  Based  on  the  fuel  as  fired,  the  total  amount  of  NOx  formed  during  combustion  might  have  more  or  less  percentages 
of  thermal  NOx  in  total  NOx.  Cleaner  fuels  such  as  natural  gas  and  light  oil  will  produce  more  percentaps  of  thermal 
NOx  in  total  NOx  while  pulverized  coal  with  high  VM  and  heavy  oil  might  produce  higher  fuel  NOx  within  the  total. 
At  a  moderate  furnace  temperature  (1700  K),  the  total  NOx  level  in  the  exhaust  flue  gas  for  a  typical  pulverized  coal  unit 
varies  from  615-1435  mg^3  (300-700  ppm  @  6  %  02)  firing  bituminous  coal. 

High  NOx  Emission  Burning  Low  VM  Coals 

The  NOx  levels  firing  low  VM  coal  are  much  higher  compared  to  firing  bituminous,  and  are  as  high  as  1400-2000 
mg/NM3  (700-1000  ppm  @6  %02).  It  greatly  exceeds  the  allowable  NOx  upper  limit  of  NOx  regulation  (650  mg/NM3 
or  317  ppm  @  6  %  02). 

7.  PROBABLE  WAYS  OF  NOx  REDUCTION  BURNING  LOW  VM  COALS  [  4  ] 

Existing  De-NOx  Technologies  at  Combustion  Stage 

The  low  NOx  burner,  as  the  main  solution  to  reducing  the  NOx  emission,  is  widely  applied  firing  coal,  gas  or  oil.  The 
working  principle  of  a  low  NOx  burner  is  to  delay  the  mixing  of  air  and  fuel,  and  reduce  the  oxygen  availability  at  the 
early  stage  of  combustion,  as  well  as  create  a  local  fuel  rich  zone  by  separation.  A  30%  NOx  reduction  will  be  expected 
by  low  NOx  burners  only,  compared  to  the  case  without  NOx  control. 

Combustion  air  staging  is  suitable  for  all  kind  of  fuels,  and  normally  applied  in  combination  with  low  NOx  burners.  It 
splits  the  combustion  air  to  two  or  more  routes,  the  majority  through  burners  and  minority  through  staging  airports.  The 
working  principle  is  to  control  oxygen  availability  under  different  combustion  stages.  In  combination  with  low  NOx 
burners,  a  50%  NOx  reduction  may  be  expected,  compared  to  no  control. 

Other  low  NOx  Combustion  Technologies  include  flue  gas  recirculating  and  reburning.  The  first  one  is  mainly  suitable 
to  bum  clean  fuels  by  reducing  flame  peak  temperature.  The  rebuming  technology  stages  fuel  into  the  furnace.  Sizing 
the  furnace  to  make  a  lower  burner  zone  heat  release  rate  reduces  thermal  NOx  formation  by  a  lower  furnace  temperature. 
However,  it  has  a  negative  impact  on  ignition  of  low  VM  coals. 

Applications  of  Existing  Low  NOx  Technologies  and  its  Limitations 

The  available  low  NOx  combustion  technologies  were  developed  based  on  fuels  burned,  good  quality  high  VM 
bituminous,  oil  or  natural  gas.  Existing  low  NOx  combustion  steps  are  often  contrast  to  steps  for  enhancing  ignition 
burning  low  VM  coals.  With  some  improvements,  the  existing  low  NOx  combustion  technologies  might  be  applied  to 
burn  low  VM  to  achieve  a  lower  NOx. 

1)  Deep  air  staging.  The  stoichiometry  at  the  main  combustion  zone  might  be  further  reduced  to  0.90-0.95  to  form 
a  slightly  reducing  atmospherical  environment.  It  is  favorable  to  reduce  NOx  formation  if  slaging  can  be  prevented 
by  burner  aerodynamics. 
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Vent  air  application.  If  the  coal  concentration  of  vent  air  can  be  adjusted  to  close  to  the  rebuming  requirement, 
it  might  receive  some  positive  effect  on  NOx  reduction.  This  is  an  idea  being  further  developed. 

3)  Properly  select  the  burner  zone  heat  release  rate  to  reduce  the  thermal  NOx  emission. 

4)  Improving  burner  air  register  to  form  local  fuel-rich  effect  to  receive  NOx  reduction. 

8.  CONCLUSIONS 

The  utility  industry  in  China,  after  a  recent  slow  down,  will  still  remain  in  a  fast  growth  for  a  considerably  long  period 
due  to  economic  growth  and  a  low  per  capita  of  power.  Utilizing  local  low-grade  coals  is  the  nation’s  energy  policy.  The 
clean  and  efficiency  burning  of  low  grade  coals  not  only  produces  the  electric  power  demanded  by  economic  growth, 
but  also  reduces  emissions.  The  overall  performance  of  existing  downshot  firing  units  is  generally  good.  The  ignition 
is  quick,  flame  is  stable  and  unburned  carbon  is  low  and  acceptable.  As  an  example,  B&W  units  in  China  achieved:  [ 
1,5] 

1)  The  guaranteed  40%  MCR  minimum  load  without  lighter  support  burning  average  1 1  %  VM  (received  bases)  design 
coals  can  be  easily  achieved. 

2)  Demonstrating  a  great  fuel  flexibility.  The  coal  quality  as  burned  is  often  worse  (-10%  VM)  than  the  design  coal 
(1 1%VM).  In  early  1996,  75%  Yang  Quan  Anthracite  with  25%  Shou  Yang  lean  had  been  fired  for  a  few  months. 
In  1998,  100  %  anthracite  was  burned.  For  all  of  these  cases,  ignition  is  fast,  and  combustion  is  good. 

3)  Achieved  a  high  boiler  efficiency  and  low  unburned  carbon  loss.  The  carbon  in  fly  ash  of  these  two  units  remains 
at  low  levels  of  6-8%.  In  1994,  the  boiler  performance  tests  indicated  that  the  carbon  in  fly  ash  was  around  5-6% 
equivalent  1.80-2.0%  unburned  carbon  loss.  With  an  upgraded  burner,  register  newly  designed  by  B&W,  the 
carbon  in  fly  ash  had  further  reduced  down  to  4-5%  as  average  and  minimum  to  3.5%. 

The  performances  of  lean  coal  wall  firing  units  are  fair.  The  minimum  load,  and  the  unbalanced  FEGT  remain  to  be 
solved.  The  combustion  technologies  firing  low  VM  coals  need  more  research  and  development  to  extend  applications 
and  to  satisfy  environment  regulations.  The  following  areas,  as  author  opinion,  might  be  considered  first: 

1)  Further  understanding  the  fundamentals  burning  low  VM  coals.  This  research  might  include  ignition  and  flame 
stabilization  as  well  as  kinetics  of  char  reactivity. 

2)  Furnace  numerical  modeling.  This  will  provide  more  information  on  sizing  a  larger  capacity  furnace  firing  low- 
grade  coals,  such  as  downshift  firing  unit. 

3)  Technical  solutions  of  low  NOx  combustion  for  low-grade  coal  firing  should  be  developed  as  early  as  possible. 

4)  Utility  industry  will  need  more  large  boilers  with  super  critical  parameters.  Due  to  the  furnace  shape  of  a  downshot 
firing  boiler,  the  super  critical  once  through  design  for  a  downshot  furnace  still  has  difficulty.  The  furnace  with 
vertical  internal  ribbed  tube  walls  (UP)  might  be  an  idea  for  consideration. 
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ABSTRACT.  With  the  increasing  tasks  of  load  down  operation  of  the  power  station  units  in  China,  the  capacity 
of  the  boiler’s  low-load  stable  burning  is  more  necessary.  This  paper  proposes  a  new  type  automatic  adjustable 
pulverized  coal  distributor  (AAPCD)  and  mainly  introduces  the  stable  burning  principle  of  this  distributor  and 
it’s  application  in  the  direct-fired  system  in  boilers  with  fan  mills.  The  dependence  of  the  characters  of  the 
automatic  adjustable  pulverized  coal  distributor  on  the  air  and  coal  powder  flows  by  means  of  a  lot  of 
commercial  tests.  The  results  show:  being  applied  in  domestic  lignite  boiler  of  670  t/h,  this  AAPCD  can  adjust 
the  distribution  of  the  air  and  coal  powder  when  the  boiler  is  running;  achieve  effective  control  of  distribution  of 
them,  increasing  the  capacity  of  the  boiler’s  low-load  stable  burning  without  oil  which  usually  used  in  China 
while  the  boiler  works  in  a  low-load  condition  from  70%  down  to  45%,  so  we  can  lower  the  load  greatly. 
Because  the  combustion  of  the  fuel  is  divided  into  two  parts-over  dense  combustion  and  over  sparse 
combustion  in  boiler,  the  emission  of  NOx  is  less  than  350ppm,the  unburned  carbon  loss  is  decreased  by 
1.958%,  So  it  effectively  increases  the  thermal  efficiency  and  improves  the  capacity  of  low-load  operation. 

1.  INTRODUCTION 

The  boiler  of  the  capacity  670t/h  mentioned  in  this  paper  is  a  homedesigned  and  homemade  single-drum 
superheat/reheat  natural  circulation  steam  generator  in  super-high  pressure,  matching  200MW  turbine-generator 
unit  .The  boiler  is  TI  form  layout  and  closed  with  membrane  wall  .There  are  a  front-screen  superheater  at  upper 
furnace  and  a  back-screen  superheater  at  exit  of  furnace.  The  convective  superheaters,  the  reheater’s  hot  section, 
the  reheater’s  cool  section,  the  economizer  and  the  air  heater  are  arranged  in  series. 

The  means  of  control  for  regulating  superheater  steam  temperature  is  spray  attemperator  using  secondary 
feedwater,  for  reheater  steam  temperature,  mainly  by  spaying  feedwater.  It  is  a  dry  bottom  boiler  with  straight 
flow  burners  at  six  comer  and  tangential  firing.  High  temperature  flue  gas,  hot  air  and  warm  air  compose  the 
moisture-free  medium  of  the  fan  mill  direct  blow  system. 

Through  a  long  term  of  operating,  it  has  been  found  that  the  exit  gas  temperature  of  this  type  boiler  is  high, 
superheater  steam  temperature  and  reheater  steam  temperature  is  overproof.  The  amount  of  the  water  spray  for 
attemperator  is  large.  Especially  when  types  of  coals  have  a  great  variation,  steam  temperatures  change  largely, 
spray  attemperators  are  out  of  work,  often  resulting  in  failure  of  superheater  and  reheater,  severely  affect 
reliability  and  economy  of  the  generator’s  operation.  On  the  other  hand,  with  the  development  of  power 
industry,  it’s  inevitable  for  the  high-capacity  and  high  parameters  generators  to  serve  for  pealdoad  unit,  so  it’s 
necessary  for  large  units  to  have  the  capacity  of  low-load  burning  without  oil,  but  the  capacity  of  this  type  of 
boiler  is  bad,  it  has  generally  to  use  oil  to  improve  combustion  situation  when  the  load  is  below  70%.Thus  it  not 
only  greatly  increasing  the  cost  of  electric  power  generation,  but  also  not  conform  to  the  national  energy  policy. 
The  State  Engineering  Technology  Research  Center  of  Combustion  of  Power  Plant(NPCC)  has  developed 
AAPCD  and  applied  it  to  many  power  plants.  With  a  number  of  industrial  tests  and  long-time  operations,  it 
shows  that  the  furnace  exit  gas  temperature  can  be  effectively  adjusted  by  this  equipment,  attemperator  spray 
and  possibility  of  superheater’s  failure  reduced.  The  load  can  be  lowered  to  50%  without  burning  oil. 

2.  OPERATING  PRINCIPLE  OF  AAPCD 

AAPCD  is  a  new  type  of  combustion  adjustor.  It  has  two  parts:  (I)  pulverized  coal  concentrator,  which  are 
mounted  at  the  entrance  of  the  primary  air  duct  of  every  burner.  By  centrifugal  effect  of  pulverized  coal  flow 
through  bent  pipe,  pulverized  coal  flow  can  be  separated  into  dense  part  and  sparse  part  (ratio  of  dense/sparse  is 
3.65),  then  make  the  absolute  concentration  of  pulverized  coal  flow  no  less  than  0.47kg/kg(max  is  0.88kg/kg). 
Therefore,  it  can  reduce  the  ignition  heat  and  formation  of  nitrogen  oxide.  The  ignition  heat  of  dense  phase  is 
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little  so  it’s  easy  to  be  ignited  and  combusted.  The  unit’s  adaptability  to  various  coals  is  wider,  the  capacity  of 
variable  load  is  perfect.  (2)  the  main  body  of  AAPCD  which  is  mounted  at  the  exit  of  separator  above  fan  milL 
The  parameters  like  power  of  generator,  speed  of  coal  feeder,  pressure  of  turbine’s  regulating  stage  status  of 
mills  and  so  on,  are  automatically  detected.  By  means  of  changing  the  angles  of  cascades  of  distributor,  coal 
flow  in  the  three  levels  of  primary  air  will  be  altered.  The  results  are:  heat  flux  along  furnace  can  be  adjusted 
and  position  of  flame  core  and  water  circulation  can  be  improved,  so  we  can  achieve  low-load  stable  burning 
without  oil. 

3.  MODIFICATION  OF  EQUIPMENT 

No.3  boiler  of  a  power  plant  is  670t/h  fired  with  local  lignite  and  fan  mills  direct-fired  system.  It  has  six  mills 
around  furnace. 

The  following  are  designed  parameters: 

Rated  load:  670t/h 
SH  steam  temperature:  540°C 
RH  steam  exit  temperature:  540  °C 
Exhaust  gas  temperature:  167  °C 
Furnace  exit  gas  temperature:  1060°C 

After  startin<^  up  it  was  found  that  furnace  exit  gas  temperature  was  higher  than  designed  value,  causing 
reheater  temperature  going  up,  even  failure.  The  capacity  of  low-load  stable  burning  is  bad.  When  the  load 
below  70%,  oil  must  be  used  to  aid  combustion,  this  severely  affect  reliability  and  economy  of  the  generator  s 
operation. 

Considering  above  situation,  NPCC  modified  the  pulverized  system:  adding  AAPCD.  In  order  to  obtain  wider 
versatility,  the  vanes  can  rotate  forward  and  backward,  the  zero  angle  is  defined  as  the  vanes  parallel  to  the  air 
flow  (normal  to  ground)  .Forward  rotating  vanes  will  force  more  pulverized  coal  to  flow  to  the  lower  primary  air 
pipes,  while  backward  rotating  to  upper  pipes.  So  we  can  adjust  furnace  exit  gas  temperature,  increase  boiler 
efficiency  and  achieve  low-load  stable  burning. 


SH  steam  pressure:! 3. 72Mpa 
RH  steam  exit  pressure:  2.5Mpa 
Boiler  efficiency:  89.7% 

Coal  consumption:  185.6t/h 


West 


Fig.  1  Schematic  drawing  of  the  firing  system 

1 .  Fan  mill  2.  Mill  separator 

4.  Distributor  exit  5.  Lower  primary  air  pipe 

7.  Upper  primary  air  pipe  8.  Furnace 


Fig.  2  Arrangement  plan  of  mills 

3.  Pulverized  Coal  distributor 
6.  Middle  primary  air  pipe 
9.  Horizontal  orifice  plate  concentrator 


After  mounting  the  equipment,  we  did  some  tests  about  low-load  stable  burning.  The  result  showed  that  AAPCD 
can  effectively  control  the  distribution  of  pulverized  coal  among  upper,  middle  and  lower  burners,  adjust 
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pulverized  coal  flow  and  its  density  in  burners,  and  can  adjust  flame  center  height  continuously.  In  meantime, 
because  of  the  concentrating  effect  of  the  horizontal  orifice  plate  concentrator,  which  is  mounted  at  the  entrance 
of  primary  air  pipe,  every  flow  into  furnace  is  divided  into  two  streams.  The  upper  stream  is  dense,  the  lower 
sparse,  the  ratio  of  flow  rates  is  3.65.  Therefore,  we  can  achieve  dense/sparse  burning  and  stable  burning  in 
single  burner.  Furnace  exit  gas  temperature  decreases  markedly,  attemperators  spray  of  SH  and  RH  decrease 
greatly,  suction  pressure  of  furnace  is  normal,  basically  reach  the  goal. 

4.  TEST  CONDITION 

During  the  test,  the  fuel  was  blended  coal  from  local  lignite  and  small  coal  pits  with  mass  ratio  of  blending  8:2. 
Analysis  of  the  blended  coal  is  seen  in  Table  1 .  The  test  was  divided  into  three  conditions  according  to  power 
generation  load:  205MW,  140MW  and  stable  limit  load  without  oil.  In  every  condition,  measurements  began 
after  three  hour’s  stable  combustion.  In  order  to  get  the  effect  of  the  distributor  of  AAPCD  on  the  characters  of 
distribution  of  air  and  coal  powder,  vanes  are  located  at  +15°,  +7.5°,  0°,  -7.5°  and  -15°  respectively  under 
205MW  condition,  then  measured  the  air  flow,  pulverized  coal  flow,  temperature  field  in  furnace,  flue  gas 
concentration  etc.  The  unit  was  made  such  a  way  as  sliding  pressure  operation  during  low-load  test  in  order  to 
stabilize  operation.  The  rate  of  load  descent  was  1.5 — 3.0MW/min  before  140MW  for  run  No.l,  No. 3,  No.5  and 
No.6  mills,  when  dropped  to  limit  load,  run  No.l,  No.3  and  No.5  mills(see  Figure  2),  continued  to  lower  load  as 
long  as  there  is  no  unstable  condition  occurred  in  combustion. 


Table  1.  Coal  Analyses 


iS3 

Symbol 

Units 

205MW 

140MW 

lOOMw 

Ll 

Low  heating  value 

13.304 

12.27 

12.51 

12.85 

m 

Volatile  matter(dry) 

V, 

% 

33.35 

32.07 

30.15 

3 

Volatile  matter,  (dry  ,ash 
free) 

Vdaf 

% 

46.77 

47.8 

45.94 

44.53 

4 

Moisture  (rec) 

% 

24 

30.4 

27.73 

Ash(rec) 

Aaj- 

% 

32.88 

21.05 

■ESEB 

23.34 

Ash(dry) 

% 

— 

30.24 

30.19 

32.3 

5.  TEST  RESULTS  AND  DATA  ANALYSIS 

Low-load  test  began  at  205MW,  passed  140  MW,  ended  90MW  at  minimum,  stable  burning  can  be  maintained 
at  lOOMW  ultimately.  Test  data  were  shown  in  Table  2 


Table  2  Test  Data 


No. 

Variable 

Unit 

19:30 

22:00 

0:  15 

1 

Unit  power 

MW 

205 

140 

100 

2 

Drum  pressure 

13.7 

10.7 

3 

Main  steam  pressure 

MPa 

13.37 

13.3 

10.4 

4 

Main  steam  temperature(east  /  west) 

°C 

542/542 

540/540 

537/537 

5 

Main  steam  flow  rate 

T/h 

610 

430 

332 

6 

RH  steam  tem(east  /  west) 

°C 

542/540 

538/538 

533/533 

7 

RH  steam  pressure 
(east  /  west) 

MPa 

2. 1/2.1 

1.5/1. 5 

1.16/1.16 

8 

Feed  water  pressure 

MPa 

15.6 

14.5 

11.2 

9 

Feed  water  temperature 

°C 

238 

220 

205 

10 

Feed  water  flow  rate 

t/h 

618 

440 

311 

11 

Air  inlet  temperature 

°C 

42/42 

42/49 

47/41 

12 

Exhaust  gas  tem(east) 

°C 

174/172 

13 

Exhaust  gas  tem(west) 

°C 

164/173 

160/154 

147/154 

1705 


Inlet  pressure  of  draft  fan  (east/west) 


-2610/-2790  -1680/-1540  -1370/-1270 


5.1  Distribution  Character  of  Air  Flow  Rate  ,  r,  ,  , 

Under  the  condition  of  205MW  during  both  the  air  flow  rate  and  pulverized  coal  flux  being  stable,  vanes  were 
put  in  five  angles  as  above  in  turn,  air  rate  was  measured  in  every  angle.  In  order  to  eliminate  the  errors  cause 
by  fluctuation  of  ventilation  quantity  in  the  mill,  we  divided  actual  measured  air  flow  in  each  primary  air  pipe 
by  mill’s  ventilation  quantity,  the  relationship  between  air  flow  rate  ratio  in  upper  •middle  and  lower  primary  air 
pipe  with  the  angles  was  what  we  need.  Fig.3  shows  that  with  the  vanes  move  forward,  air  flow  in  upper 
primary  air  pipe  decreases,  lower  increases,  middle  changes  a  little;  with  the  vanes  move  backward,  upper 
primary  air  pipe  increases,  lower  decreases,  middle  change  still  a  little. 


Vanes  angl 


Fig.3  Distribution  character  of  air  flow 


5.2  Distribution  Character  of  Pulverized  Coal  Flux  ,  4  i  ci 

At  the  same  condition  as  described  in  4.1,  vanes  were  put  in  five  angles  as  above  in  turn,  pulverized  coal  flux 
was  measured  in  every  angle.  In  order  to  eliminate  the  errors  caused  by  fluctuation  of  ventilation  quantity  in  the 
mill,  we  did  the  same  thing  as  above,  the  mass  flow  fraction  in  upper,  middle  and  lower  of  the  primary  air  pipe 
chant^ed  with  angles.  Fig.4  shows  that  with  the  vanes  move  forward,  pulverized  coal  fraction  in  upper  primary 
air  pipe  decrease  markedly,  lower  increase,  middle  has  increasing  trend;  with  the  vanes  move  backward, 
pulverized  coal  fraction  in  upper  primary  air  pipe  increases  markedly,  lower  decreases  markedly  too,  middle  has 
decreasing  trend. 


4  0 

3  5 


O  30 

-  25 
o 

o  20 
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Fig.  4  Distrbution  character  of  pulverized  coal 


Vanes  ancle 
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5.3  Mass  Flow  Ratio  of  Dense  /  Sparse 

At  205MW  condition,  during  the  same  situation  as  above  and  with  the  vanes  in  zero  angle,  pulverized  coal  mass 
flows  in  dense  side  and  sparse  side  in  each  primary  air  pipe  were  measured,  respectively.  The  result  shows;  All 
of  the  mass  ratios  of  pulverized  coal  in  dense/sparse  in  each  primary  air  pipe  are  greater  than  2.0,  average  3.65, 
Average  absolute  concentration  in  dense  side  is  greater  than  0.47kg/kg,  max.  0.88kg/kg. 


5.4  Change  of  Gas  Temperature  in  Furnace 

Lowered  unit  load  from  205MW(0  degree),  passed  140MW(+7.5  degree),to  100Mw(+15  degree)  after  stable 
running  several  hours  at  each  load,  we  measured  temperature  field  in  furnace  with  radial  pyrometer,  see  Fig.5, 
Fig.6  and  Fig.7. 


Fig.5  Temperature  field  in  furnace, 205MW  Fig.6  Temperature  field  in  furnace, 140MW 

Temperature  profiles  show  us:  at  140MW,  temperature 
distribution  and  temperature  level  in  furnace  are  better  than  that 
of  205MW.  The  reason  is  when  vanes  angle  of  AAPCD  is  0 
degree  at  205MW,  pulverized  coal  flux  in  the  upper  burner  is 
larger  than  that  in  the  lower,  and  the  upper  burners  are  closer  to 
furnace  exit.  So  coal  particles  in  the  upper  burner  have  shorter 
residence  time  in  furnace.  They  have  left  furnace  before 
completing  combustion.  At  140MW,  vanes  angle  of  AAPCD  is 
+7.5  degrees,  pulverized  coal  flux  in  the  upper  primary  air  pipe 
decreases,  lower  increases;  lower  burners  are  farther  from 
furnace  exit ,  so  particles  residence  time  is  long.  They  have 
much  time  to  complete  Fig.7  Temperature  field  in 
furnace, lOOMW  combustion.  This  can  be  confirmed  with  combustible  matter  content  in  fly  ash.  For  the 
same  reason,  at  lOOMW,  vanes  angle  of  AAPCD  is  +15  degrees,  pulverized  coal  flux  in  the  upper  primary  air 
pipe  continues  to  decrease,  the  lower  increases  more,  so  flame  core  drops  down,  unburned  carbon  loss  gets 
small.  The  furnace  exit  gas  temperature  drop  10°C  -40 °C,  the  max  temperature  drops  from  1150 °C  to  1130°C. 

5.5  Change  of  Unburned  Carbon  Loss 

With  the  load  dropping,  vanes  angle  of  AAPCD  begins  to  rotate  forward,  force  the  coal  flow  to  move  to  lower 
burners.  As  the  result,  coal  particles  residence  time  becomes  long,  this  reduces  combustible  matter  content  in  fly 
ash,  but  with  flame  core  dropping,  combustible  matter  content  in  furnace  slag  increases  somewhat.  The 
combustible  matter  content  in  fly  ash  is  1.73%  at  205MW,  1.6%  at  140MW  and  1.5%  at  lOOMW.  At  the  same 
time,  the  contents  in  furnace  slag  are  2.7%,  3.24%  and  4.21%,  respectively.  Accordingly,  unbumed  carbon  loss 
are  1.077,  1.017and  1.109.  At  205MW,  unburned  carbon  loss  reduces  about  1.956  after  mounting  the  AAPCD. 
(Shown  in  Fig. 8.) 


5.6  Change  of  Emission 

As  a  part  of  AAPCD,  the  concentrators  can  allow  burners  to  achieve  dense/sparse  burning,  so  emission  of 
nitrogen  oxide  decreases  effectively.  AT  205MW,  exhaust  gas  temperature  is  174  “C,  O2  content  is  7.3%,  NOx 
emission  is  330ppm,  SO2  emission  is  310ppm,  CO  is  18ppm;  At  140  MW,  exhaust  gas  temperature  is  165  °C,  O2 
content  is  6.2%,  NOx  emission  is  240ppm,  SO2  emission  is  320ppm,  CO  is  18ppm;  At  100  MW,  exhaust  gas 
temperature  is  154  °C  ,  O2  content  is  8.8%,  NOx  emission  is  314ppm,  SO2  emission  is  287ppm,  CO  is  7ppm.  See 
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Fig.9. 
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Fig.  8  Change  of  unburned  carbon  loss 


Vanes  angle 

Fig.  9  Change  of  emission 

5.7  Change  of  Steam  Temperature  and  Attemperators  Spray 

During  low-load  test  and  making  the  unit  sliding  pressure  operation,  the  turbine  runs  stable.  There  is  no  shock 
noise  at  steam  control  valve.  Unit  operation  parameters  are  seen  in  Table.2,  amount  of  spray  water  are  shown  in 
Table.3. 


Table  3  Comsumption  of  Spray  Water 


No. 

unit 

205MW(  east/west) 

140MW(east/west) 

1 00MW(east/west) 

1 

Primary 

attemperator 

tdi 

13/17 

9/10 

7/6 

2 

secondary 

attemperator 

t/h 

10/8 

7/8 

5/4 

3 

Reheating 

attemperator 

t/h 

8/8 

6/5 

0/0 

The  rates  of  spraying  amount  of  this  three  attemperators  are:  12t/h,  7t/h  and  11.8t/h.  The  amount  decreased 
markedly  after  installation  of  AAPCD.  But  there  are  some  differences  in  amounts  between  primary 
attemperator  and  secondary  attemperator,  the  reason  is  that  eddy  of  flue  gas  at  furnace  exit  has  not  been  avoided 
in  tangential  firing  system. 
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CONCLUSION 


Industrial  tests  and  running  practice  proved  that  AAPCD  can  effectively  adjust  pulverized  coal  flow  along 
height  of  the  furnace,  change  flame  core  level,  adjust  gas  temperature  of  the  furnace  exit,  reduce  attemperator 
water  spray  and  superheater  failure  opportunity. 

AAPCD  can  realize  coal  dense/sparse  burning  (Mass  ratio  of  coal  dense/sparse  is  3.65)  and  bring  coal  ignition 
time  forward.  Unburned  carbon  loss  is  reduced,  so  boiler’s  efficiency  will  be  improved,  low-load  stable  ignition 
and  burning  can  be  realized  and  ensured. 

After  mounting  the  AAPCD  equipment,  boiler  can  bum  stable  without  oil  at  lOOMW  condition,  the  capacity  of 
variable  load  increases  markedly,  saving  a  lot  of  oil,  emission  of  nitrogen  oxide  is  smaller  than  350ppm,  it’s 
good  to  improve  atmosphere  environment. 

AAPCD  can  adjust  vanes  angle  automatically  according  to  mills’  condition 'exit  gas  temperature  from 
furnace  'generator  power  and  so  on,  it’s  can  be  remote  controlled  and  manual  controlled. 
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ABSTRACT.  Understanding  ash-deposition  mechanism  and  factors  decreasing  heat  flux  through  a  heat- 
transfer  surface  is  useful  for  operating  pulverized  coal-flred  boilers  efficiently  and  reliably.  We  studied  ash- 
deposition  process  through  a  monitoring  test  using  a  portable  device,  and  confirmed  that  it  generally  consists  of 
three  main  stages:  formation  of  a  powdery  ash  layer,  particle  impact  and  sticking,  and  deposit  growth.  We  also 
studied  an  effect  of  ash  deposition  on  heat-flux  decrease  for  three  types  of  coals  through  up  to  about  100-hour 
combustion  tests  in  a  large-scale  test  furnace.  Powdery  ash  layers,  formed  during  the  tests  for  two  of  the  coals, 
decreased  the  heat-flux  dramatically.  Our  analysis  of  the  ash  samples  showed  that  for  one  of  the  coals,  a  large 
amount  of  Na  and  K  vapor  condensed  on  the  smface  of  the  layers,  and  for  the  other  coal,  the  layers  contained  a 
high  percentage  of  fine  ash  particles  under  10|xm. 

1.  INTRODUCTION 

Using  low-rank  coals,  while  enabling  economic  operation  of  pulverized-coal  power  plants,  can  cause  excess  ash 
deposition  within  a  boiler,  reducing  boiler  efficiency  and  possibly  causing  tube  rupturing  and  falling  deposit 
that  might  damage  the  hopper.  Our  goal  is  to  develop  a  model  for  predicting  ash-deposition  characteristics,  this 
model  shows  the  decrease  in  heat  flux  caused  by  ash  deposition  on  the  surfaces  of  water  walls  -  heat-transfer 
tubes  -  used  in  coal-fired  boilers.  During  the  past  decade,  considerable  advances  have  been  made  in  developing 
models  to  predict  ash  behavior  [1-3]  involving  empirically  obtained  slagging  and  fouling  indices  based  on  ash 
components.  However,  many  years’  experience  of  burning  many  kinds  of  coal  in  practical  boilers  has  shown 
that  coals  reducing  boiler  efficiency  severely  are  not  limited  to  low-quality  coal  that  components  can  form  large 
ash  deposits.  We  have  investigated  the  ash-deposition  mechanism  with  a  portable  device  that  allows  us  to 
observe  the  deposition  during  the  burning  of  various  grades  of  coal.  We  clarified  the  factors  that  reduce  boiler 
efficiency. 


2.  EXPERIMENTAL 

We  did  two  kinds  of  tests  in  a  same  furnace.  The  one  is  to  study  ash  deposition  mechanism  with  a  portable 
device  for  monitoring  ash  deposition,  the  other  is  to  study  the  effect  of  ash  deposition  on  heat  flux. 


Portable  Device  for  Monitoring  Ash  Deposition 

We  have  developed  a  portable  device  (Fig.  1)  for  monitoring  ash  deposition  process.  This  device  enables  us  to 
study  the  deposition  mechanism  by  watching  each  step  of  ash  deposit  formation  through  windows  in  the  test 
section.  Our  device  consists  of  the  (1)  induced-gas  section,  (2)  test  section,  (3)  air-cooled  probe,  (4)  gas-cooling 
section  (water  spray,  water  tank,  and  pump),  and  (5)  induced-draft  fan.  We  attached  this  device  to  a  port  in  the 
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side  of  the  furnace  and  drew  hot  gas  into  the  test 
section  using  the  induced  draft  fan.  After  passing 
through  this  section,  the  hot  gas  was  cooled  by 
the  water  spray  in  the  gas  cooling  section,  then 
returned  to  the  furnace  through  the  another  port. 
To  collect  deposited  ash,  air-cooled  probe-  a  60- 
nun-long  stainless-steel  tube  with  a  45mni- 
diameter-was  set  in  the  test  section  perpendicular 
to  the  gas  flow.  The  thermocouple  sensor  was 
positioned  in  a  recess  cut  into  the  probe  wall  to 
fastened  to  a  metal  surface  from  the  inside  of  the 
probe  to  monitor  a  metal  temperature  controlled 
by  adjustment  of  air  flow  rate.  The  gas 
temperature  at  the  test-section  inlet,  upstream 
from  the  probe,  depends  on  the  gas  velocity  and 
the  position  where  the  device  was  set.  Gas  and 
particles  approached  the  probe  at  a  velocity  3  to 
10  m/s.  The  gas  temperature  was  850  tol200°C, 
and  the  temperature  near  the  probe’s  outer 
surface  was  450  to  650®C. 


Fig.  1  Portable  device  for  monitoring  ash  deposition 


Large-Scale  Test  Furnace  Used  to  Study  the  Effect  of  Ash  Deposition  on  Heat  Flux 
We  use  vertical  large-scale  test  furnace  to  investigate  the  decreases  in  heat  flux  caused  by  ash  deposition  on  a 
water-cooled  probe  inside  the  furnace.  The  deposition  behaviors  of  three  types  of  coals  ware  studied.  The 
furnace  size  was  6m  in  height  and  its  heat  input  was  2  MW  (Fig.  2). 


Burner 


Water  out 

Water  in 


The  water-cooled  probe  (Fig.  3)-a  3(X)-mm-long  stainless  steel  tube  with  45-mm  diameter-held  in  a  housing 
that  extended  from  the  side  of  the  furnace  1.5  m  below  the  top  itmer  surface.  The  probe  was  vertically  aligned 
with  the  gas  flow.  We  used  the  same  probe  for  the  three  tests.  Before  the  next  test,  we  removed  the  ash  sample 
completely  and  cleaned  the  probe  surface. 

We  measured  the  furnace-exit  gas  temperature  with  a  thermocouple  inserted  from  the  side  of  the  furnace  1.5m 
from  the  furnace’s  bottom  inner  surface.  The  tests  were  conducted  in  a  large-scale  test  furnace  and  lasted  about 
100  hours.  Experimental  conditions  are  given  in  Table  1. 

Properties  of  tested  coals  are  listed  in  Table  2-1  and  Table  2-2.  Coal  A  was  a  typical  sub-bituminous  coal  that 
contained  only  1.7%  ash.  Coals  P  and  W  were  bituminous  coals. 
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_ Table  1.  Experimental  Conditions _ 

Heat  input  2  MW 

Burner  stoicheometry  0.9 

O2  concentration  at  the  furnace  exit  3.5% 

Furnace-exit  gas  temperature  1200°C 

Coal  fineness  75%of  the  coal  particles  were 

smaller  than  75pm _ _ 


Table  2-1.  Coal  Characteristics 


Coal  A 
CoalP 
CoalW 

6240 

7220 

6770 

I. 7 

5.2 

II. 1 

46.9 

43.6 

43.5 

52.4 
51.0 

45.4 

72.7 

75.6 

70.2 

5.5  18.9 
5.2  11.3 
5.5  11.2 

1.1  0.2 

1.7  0.7 

1.3  0.7 

Si02  (%) 

AI2O3 

Table  2-2.  Inorganic  Analysis  of  Coals 

(%)  Fe203(%)  CaO  (%)  Ti02  (%)  MgO  (%)  SO3  (%)  Na20(%) 

K2O  (%) 

Coal  A 

42.3 

21.2 

13.6 

8.4 

0.8 

2.4 

7.8 

1.3 

CoalP 

52.3 

24.0 

11.5 

2.1 

1.0 

2.6 

1.6 

1.3 

2.2 

CoalW 

51.7 

32.3 

5.2 

2.8 

2.5 

0.7 

1.9 

0.4 

3.  RESULTS 


Monitoring  the  Process  of  Ash  Deposition 

We  monitored  the  process  of  ash  deposition  of  coal  X  which  was  a  typical  sub-bituminous  coal  (fuel  ratio  1.7, 
ash  content  7%)  from  Indonesia.  The  form  of  ash  deposit  on  the  heat-transfer  surface  of  the  metal  probe  changed 
remarkably  over  2  hours.  As  soon  as  the  induced-draft  fan  was  turned  on  at  the  start  of  the  test,  hot  gas  drawn 
from  the  furnace  lighted  the  inside  of  the  test  section,  and  the  probe  surface  became  white  because  of  a  powdery 
ash  layer.  After  the  first  10  to  20  minutes  of  the  test,  a  portion  of  the  layer  was  deformed.  Then,  not  only  sticky 
particles  but  also  dry  particles  were  captured  on  the  layer  and  deposit  grew.  Once  the  layer  covered  the  probe 
surface,  the  ash-surface  temperature  increased.  As  thickness  and  temperature  increased  further,  the  fraction  of 
incoming  particles  that  remains  sticky  on  the  surface  also  increased,  accelerating  deposit  growth.  When  ash- 
surface  temperature  exceeds  ash-melting  temperature,  deposit  surface  changes  to  slag.  However,  in  this  case  it 
did  not.  After  the  2-hour  test,  pourous  deposit,  which  we  call  pourous  clinker,  was  formed  with  a  thickness  of  4 
cm  on  the  probe  surface.  Ash  was  deposited  in  three  main  stages;  formation  of  a  powdery  ash  layer,  particle 
impact  and  sticking,  and  deposit  growth.  We  analized  chemical  components  of  porous  clinker  for  each  part,  the 
powdery  layer  near  the  probe  surface,  the  middle  part,  and  the  surface  of  the  porous  clinker  itself.  The  analysis 
showed  that  the  powdery  layer  included  high  percentages  of  Na  and  K  compared  with  other  parts  of  the  clinker 

Decrease  in  Heat  Flux  for  Different  Types  of  Coals 

We  calculated  heat  flux  through  the  water-cooled  probe  from  the  inlet  and  the  outlet  temperatures  of  the  cooling 
water.  Although  the  inlet  temperature  was  kept  stable,  the  outlet  temperature  decreased  with  the  increase  of  ash 
deposition,  then  became  stable.  We  found  different  ash  samples  on  the  probe  surface  after  each  test.  The  porous 
clinker  layer  covered  the  surface  only  after  the  test  of  coal  W.  The  white  powdery  layer  covered  the  surface 
with  a  thickness  of  2-3mm  after  the  test  of  Coal  A.  A  flesh-colored  layer,  on  which  several  black  molten 
particles  adhered,  covered  the  surface  after  the  test  of  Coal  P.  Heat  flux  values  through  the  probe  were  3. 5-4.5  x 
10^  kcal/m^h  at  the  beginning  of  the  tests,  and  decreased  to  about  1.5  x  10^  kcal/m  h,  then  became  stable  for  the 
cases  of  Coals  A  and  W  (Fig.  4).  The  heat-flux  values  before  and  after  the  decrease,  which  were  3. 5-4.0  x  10 
and  1.5  X  10^  kcal/m^h  in  our  test,  seemed  to  depend  on  experiments:  furnace  sizes,  test  conditions,  and  so  on. 

The  point  we  have  to  make  clear  is  the  effect  of  coal  types  on  heat-flux  decrease  during  combustion.  We  tested 
Coal  P  only  for  4hours,  because  it  was  enough  to  see  the  behavior  of  heat-flux  decrease  as  a  line.  On  the  other 
hand,  in  the  case  of  Coals  A  and  W,  about  40  to  60-hours  tests  were  necessary  to  study  them.  The  slope  of  heat- 
flux  decrease  was  remarkable  in  the  case  of  Coal  P.  Coal  A  contained  only  1.7%  ash,  which  is  about  1/10  that  of 
Coal  W  (11.1%  ash),  however,  the  slopes  of  Coals  A  and  W  were  almost  the  same.  In  the  case  of  Coal  A,  heat- 
flux  values  scattered  because  of  the  particles  which  adhered  to  the  probe  surface  and  are  removed  at  the  first 
stage  of  the  test. 
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To  investigate  the  factors  causing  the  heat-flux  drop,  we  analyzed  three  ash  samples  from  Coals  A,  P  and  W 
(Fig.  5).  The  chemical  analysis  showed  that  the  ash  sample  of  Coal  A  contained  higher  percentage  of  Na  and  K 
(Na  1.9%,  K  1.8%)  than  the  coal  before  burning  (Na  0.7%,  K  1.3%)  .  The  amount  of  contained  Na  and  K  in 
coal  depends  on  each  coal  type.  Fig.  5  shows  the  ratios  of  the  amount  of  Na  and  K  in  ash  samples  to  those  in  the 
coals  before  burning.  In  case  of  Coal  A,  the  ratios  for  Na  and  K  were  2.7  and  1.4.  In  the  cases  of  Coals  P  and 
W,  both  ratios  were  lower  than  1.  We  also  measured  particle-size  distribution  of  ash  samples.  Percentages  of 
ash  particles  smaller  than  lOjim  were  27%,  45%  and  5%  for  Coals  A,  P  and  W,  respectively. 
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Fig.  4  Heat-flux  decrease  of  three  types  of  coals 


Fig.  5  Analysis  of  ash  samples 


4.  DISCUSSION 


Ash-Deposition  Mechanism 

We  believe  the  ash-deposition  follows  the  mechanism  shown  in  Fig.  6.  Various  components  that  evaporated 
during  combustion  may  have  condensed  either  on  a  cool  heat-transfer  surface,  or  on  entrained  particles.  This 
effect  is  called  fick  diffusion.  Condensed  vapors-most  likely  Na  and  K-may  have  made  the  heat-transfer 
surface  and  surfaces  of  entrained  particles  sticky.  Similarly,  steep  temperature  gradients  in  the  gases  close  to  the 
heat-transfer  surfaces  are  the  main  cause  of  particle  capture.  This  effect,  called  thermophoresis,  is  significant 
when  the  temperature  of  the  heat-transfer  surface  is  roughly  1000°C  or  higher  [1]. 


Sintered  layer  Deposit  growth 


Fig.  6  Ash  deposition  mechanism 

We  observed  during  our  monitoring  experiment  that  as  soon  as  the  hot  gas  was  drawn  to  the  test  section,  the 
powdery  ash  layer  covered  the  probe  surface.  In  this  case,  both  fick  diffusion  and  thermophoresis  seemed  to 
occur.  After  10  to  20  minutes,  a  portion  of  the  ash-surface  was  deformed.  The  behavior  of  both  the  ash  surface 
on  the  probe  and  the  impacting  particles  suggested  that  they  were  sticky,  so  we  think  both  fick  diffusion  and 
thermophoresis  accelerated  ash  deposition.  The  deposition  process  depended  largely  on  the  formation  of  the 
powdery  ash  layer  in  the  first  stage  of  the  test.  Once  the  layer  was  formed  on  the  heat-transfer  surface,  it 
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hindered  heat  transfer  though  the  probe  surface,  causing  the  ash-surface  temperature  to  rise  close  to  the  ps 
temperature.  When  the  ash-surface  temperature  in  the  test  section  was  higher  than  the  ash-deformation 
temperature,  the  ash-surface  became  sticky.  Thus,  formation  of  the  powdery  layer  on  the  heat-transfer  surface 
during  the  first  stage  accelerated  the  ash  deposition. 

Effect  of  Ash  Deposition  on  Heat  Flux  for  Three  Types  of  Coals 

We  expected  the  porous  clinker  layer  that  formed  when  we  burned  Coal  W  to  decrease  heat  flux  remarkably  as 
the  deposition  thickness  increased.  However,  our  results  did  not  show  this.  We  calculated  initial 
rates-slopes-for  each  coal  from  the  lines  of  heat-flux  decrease.  The  ash  contents  were  1.7%,  5.4%,  and  11.1% 
for  Coals  A,  P,  and  W,  respectively.  To  evaluate  the  effect  of  ash  deposition  on  heat  flux  for  each  coal,  we 
ignored  the  effect  of  ash  content  by  using  divided  initial  rates  by  the  percentage  ash  content.  The  ratio  of  three 
divided  rates  was  10:5:1  for  Coals  A,  P  and  W.  This  result  means  that  such  a  powdery  ash  layer  on  heat  transfer 
surface  as  we  found  for  Coal  A  and  Coal  P  has  a  significant  affect  on  heat  flux. 

The  next  question  is  what  was  the  origin  of  the  decreased  heat  flux.  The  powdery  ash  layer  that  directly  caused 
the  heat-flux  drop  was  mainly  due  to  fick  difhision-condensation  of  Na  and  K  vapors-and  thermophoresis. 
Because  Na  and  K  in  coal  easily  evaporate  during  combustion,  the  effect  of  fick  diffusion  becomes  stronger  in 
coals  with  high  Na  and  K  contents.  The  Na  and  K  contents  in  ash  samples  of  Coal  A  were  2.7  and  1.4  times  the 
corresponding  contents  in  the  coal  before  burning.  This  means  that  Na  and  K  vapors  were  condensed  on  the 
probe  surface  or  entrained  and/or  deposited  particles,  and  that  ash  deposition  of  Coal  A  was  caused  mainly 
through  fick  diffusion.  In  the  case  of  Coal  P,  Na  and  K  vapor  did  not  seem  to  condense,  but  the  percentage  of 
fine  particles  under  10|am  in  the  ash  sample  was  high  (45%).  This  means  that  ash  deposition  of  Coal  P 
accelerated  mainly  through  thermophoresis. 


5.  CONCLUSIONS 

We  studied  the  ash-deposition  mechanism  with  a  portable  device  used  to  monitor  the  deposition  process.  Ash 
was  deposited  in  three  main  stages:  formation  of  a  powdery  ash  layer,  particle  impact  and  sticking,  and  deposit 
growth.  We  found  that  the  powdery  layer,  which  appears  to  be  mainly  formed  through  fick  diffusion  and 
thermophoresis,  is  the  key  to  controlling  the  deposition  process.  To  study  the  effect  of  ash  deposition  on  the 
heat-flux,  we  tested  three  types  of  coals  with  different  ash  contents— Coals  A,  P,  and  W— in  a  large-scale  test 
furnace.  We  found  two  main  types  of  ash  samples-powdery  ash  and  porous  clinkers-on  the  water-cooled  probe 
after  the  tests.  A  porous  clinker  layer  was  formed  only  when  Coal  W  was  burned.  We  divided  the  initial  rates 
(the  changes  in  heat  flux  at  the  beginning  of  combustion  before  the  rates  saturated)  for  the  heat-flux  decrease  by 
the  percentage  ash  content  for  each  type  of  coal.  This  eliminated  the  effect  of  the  ash  content  on  the  heat  flux. 
The  ratio  of  these  calculated  values  was  10:  5:  1  for  Coals  A,  P,  and  W.  In  other  words.  Coals  A  and  P,  which 
produced  a  powdery  ash  layer,  caused  a  greater  decrease  in  the  heat  flux  than  Coal  W,  which  produced  a  porous 
clinker  layer.  The  three  types  of  coals  also  differed  in  their  Na  and  K  content.  Our  analysis  showed  that  Na  and 
K  were  condensed  in  the  ash  layer  from  Coal  A,  and  that  the  layer  from  Coal  P  contained  a  high  percentage 
(about  45%)  of  fine  ash  particles  smaller  than  lOpm.  Ash  deposition  was  accelerated  by  the  large  amount  of  Na 
and  K  evaporated  then  condensed  in  the  ash  layers  during  combustion  of  Coal  A,  and  by  the  high  percentage  of 
fine  particles  produced  during  combustion  of  Coal  P.  However,  the  precise  impact  of  these  two  factors  on  the 
formation  of  the  powdery  ash  layer  is  not  clear,  nor  are  the  relative  roles  of  fick  diffusion  and  thermophoresis  in 
the  formation.  We  are  now  developing  statistical  models  to  clarify  these  points. 
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ABSTRACT.  From  a  viewpoint  of  location  of  power  stations,  much  is  expected  to  thermal  power  generation 
systems.  At  present  LNG  (liquefied  natural  gas)  is  less  expensive  than  coal,  hence  utilization  of  coal  is  not 
necessarily  advantageous.  However,  diversifying  usable  fuels  is  necessary  from  a  viewpoint  of  energy  risk. 
Consequently,  coal  is  expected  to  play  a  major  part  in  the  near  future. 

This  coal-fired  power  generation  will  be  supported  by  the  following  three  key  technologies: 

(1)  Pulverized  coal-fired  power  generation  with  USC  (Ultra-Super  Critical)  steam  plants  which  will  continue  to 
be  developed  as  the  main  coal  application  technology  for  20  or  more  years. 

(2)  PFBC  (Pressurized  Fluidized  Bed  Combustion)  power  generation  emphasizing  both  sulfur  removal  from  the 
furnace  and  improved  efficiency. 

(3)  IGCC  (Integrated  coal  Gasification  Combined  Cycle)  power  generation  for  clean  coal  usage  with  higher 
efficiency. 

Hitachi  intends  to  continue  work  in  these  areas  in  the  future.  Hitachi  will  strive  to  realize,  as  early  as  possible, 
practical  applications  of  the  advanced  technologies  on  coal-fired  power  generation  systems. 

1.  INTRODUCTION 

Coal-fired  power  generation  is  aimed  specifically  towards  the  effective  utilization  of  coal  which  is  an  abundant 
source  worldwide  by  improving  the  existing  technology.  The  advanced  technologies  on  coal-fired  thermal 
power  generation  which  are  able  to  develop  coal  utilization  with  high  efficiency  and  low-environmental-load 
will  be  applicable  to  needs  both  to  reach  legally  binding  long-term  CO2  emission  reduction  target  at  the  third 
Session  of  the  Conference  of  the  parties  to  the  United  Nations  Framework  Convention  on  Climate  Change 
(COP-3)  held  in  Kyoto  December,  1997  and  COP-4  held  in  Buenos  Aires  November,  1998. 


Fig.  1  Prospects  for  the  improvement  of  the  efficiency  of  coal-fiured  power  generation 

The  research  and  development  for  various  types  of  advanced  coal-fired  thermal  power  generation  systems  are 
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being  conducted  and  these  systems  are  expected  to  be  put  into  practical  use  in  the  near  future  as  shown  in  Fig.  1. 
In  order  to  improve  the  efficiency  of  coal-fired  thermal  power  generation  systems,  Hitachi  is  promoting  both  the 
research  and  development  and  the  verification  of  its  main  equipment  for  advanced  coal-fired  thermal  power 
generation  as  shown  below: 

(1)  The  development  of  12Cr  steel  for  attaining  steam  temperatures  of  630--650°C  in  the  USC  (Ultra-Super 
Critical)  steam  condition  power  plant. 

(2)  The  verification  of  the  equipment  for  the  250MW  commercial  PFBC  (Pressurized  Fluidized  Bed 
Combustion)  combined  cycle  plant  using  of  4MWth  test  facility  and  mock-up  model. 

(3)  The  research  and  development  on  the  IGCC  (Integrated  coal  Gasification  Combined  Cycle)  which  is 
regarded  as  the  most  promising  thermal  power  generation  systems. 

2.  ADVANCED  COAL-FIRED  THERMAL  POWER  GENERATION 

The  technologies  on  advanced  coal-fired  thermal  power  plant  (USC,  PFBC  and  IGCC)  will  contribute  to 
improve  thermal  efficiency  and  to  decrease  CO2  emission  to  environment.  It  is  expected  that  USC,  PFBC  and 
IGCC  will  realize  high  thermal  efficiency  in  this  order  and  be  put  into  practical  use  in  the  reverse  order.  The 
USC  is  based  on  PCF  (Pulverized  Coal  Furnace)  technology  experience.  The  PFBC  is  now  under  construction 
for  commercial  plant.  The  IGCC  is  now  in  the  stage  of  designing  demonstration  plant. 

2.1  use  Power  Plant 

In  the  1950s,  USC  (Ultra-Super  Critical)  technology  was  tested  at  the  N0.6  unit  of  the  Phiilo  Power  Plant  and 
the  No.l  unit  of  the  Eddystone  Power  Plant  in  the  U.S.  The  specifications  of  the  N0.6  unit  were  31.0  MPa- 
62  l/566/538”C,  125MW,  while  for  the  No.l  unit  these  were  34.5  MPa-649/566/566°C,  325MW.  Although 
austenitic  alloys  were  used  in  the  high-temperature  sections  of  these  turbines,  difficult  operation  was 
experienced  due  to  structural  difficulties  caused  by  the  large  thermal  expansion  coefficient.  The  higher  steam 
conditions  temporarily  declined  and  then  the  supercritical  steam  condition  of  24.  lMPa-538/538  C  or  538/566  C 
has  been  adopted  as  the  standard  since  benefits  due  to  high  capacity  of  concurrent  thermal  power  plants  were 
able  to  maintain  their  economic  feasibility. 


Year  of  starting  commercial  operation 

Fig.  2  Advances  in  turbine  steam  conditions 


However,  in  a  recent  attempt  to  develop  environmentally  friendly  power  plants,  efforts  are  again  being  made 
toward  higher  temperature  steam  conditions.  The  key  technology  is  development  of  heat  resistant  ferritic  steels. 
The  new  12Cr  steel  is  being  developed  as  a  high  pressure  rotor  material  for  main  steam  and  reheat  steam.  New 
materials  are  also  being  developed  for  the  rotating  blades.  In  addition  to  the  conventional  CrV  casting  steel  with 
B,  9Cr  cast  and  forging  steel  are  also  being  developed  for  casing  materials.  By  the  use  of  these  new  materials, 
the  steam  conditions  of  the  1000-MW  turbines  at  the  Unit  No.2  of  Tohoku  Electric  Power  Co.,  Inc.  in 
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Haramachi  which  is  currently  in  operation  July,  1998  have  been  improved  to  24.5  MPa-600/600°C  as  shown  in 
Fig.  2. 

Furthermore,  a  joint  project  between  the  Electric  Power  Development  Co.,  Ltd.  (EPDC)  and  the  plant 
constructors  backed  by  government  financial  assistance,  is  currently  being  made  progress  to  assess  the 
capability  of  a  future  USC  plant  with  steam  conditions  of  30  MPa/630~650°C.  The  most  important  issue  in  this 
project  is  the  evaluation  of  new  12Cr  steels  for  application  in  the  future  USC  plants  [1]. 

The  rotor  shaft  is  the  most  important  component  in  a  turbine.  Hitachi  has  developed  the  following  rotor  shaft, 
material  HRllOO  (10.5Cr-1.2Mo-W-V-I^),  for  use  in  the  1000-MW-class  commercial  power  plants. 
Furthermore,  addition  of  Co  and  B  as  well  as  an  increase  in  the  W  content  results  in  a  new  rotor  shaft  material 
HR1200  (llCr-W-Co-Mo-V-Nb-B),  which  shows  a  remarkably  higher  strength  in  creep  examinations.  The 
structural  deterioration  of  the  rotor  shaft  by  creep  can  be  controlled  by  decreasing  the  content  of  C.  However, 
segregation  during  solidification  in  large  ingots  should  be  carefully  controlled  because  HR 1200  contains  W, 
Mo,  and  B.  The  homogeneous  structure  of  HR  1200  is  obtained  by  adopting  the  electro-slag  remelting  (ESR) 
process  for  the  steel  making  process.  Crack  formation  during  upsetting  is  another  problem  in  the  process 
because  the  addition  of  Co  and  B  causes  an  extreme  hardening  of  the  rotor  shaft  which  results  in  deformation  at 
elevated  temperatures.  The  control  of  proper  heating  and  forging  enables  to  manufacture  sound  rotor  shafts.  Fig. 
3  shows  a  comparision  of  the  creep-rupture  strengths  for  HRl  100  and  HR 1200  as  a  function  of  temperature.  The 
applicable  temperatures  of  600°C  and  650°C  are  estimated  to  be  the  stress  level  of  lOOMPa  for  the  creep-rupture 
strength  after  an  exposure  time  of  100,000  hours  for  HRl  100  and  HR 1200  respectively.  It  can  be  concluded  that 
HR1200  is  applicable  for  steam  temperatures,  between  630  and  650°C  [2]. 
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Fig.  3  Comparision  of  the  applicable  temperatures  for  HRllOO  and  HR1200  rotor  shafts, 

in  terms  of  creep-rupture  strength 


2.2  PFBC  Power  Generation 

A  system  diagram  of  the  250-MW  Osaki  PFBC  plant  owned  by  the  Chugoku  Electric  Power  Co.,  Inc.,  for 
operation  in  1999  is  shown  in  Fig.  4.  The  Osaki  PFBC  plant  has  a  combined  cycle  arrangement  with  a  gas 
turbine  and  a  steam  turbine,  producing  an  output  of  approximately  15%  and  85%  of  the  total  electricity 
respectively.  It  also  contains  a  pressurized  fluidized-bed  combustion  boiler  which  generates  steam  to  drive  the 
steam  turbine,  where  the  gas  from  the  boiler  is  directed  to  a  gas  turbine  through  a  two-stage  multi-cyclone.  A 
limestone  added  to  the  bed  materials  contributes  to  reduce  sulfur  emissions  during  combustion.  The  boiler 
consists  of  two  vessels  containing  two  furnaces  and  the  gas  turbine  which  is  a  single  shaft  F7EA-P  (Updated 
version  of  the  GE  Type  F7EA).  The  reliability  of  the  main  component  for  the  Osaki  PFBC  plant  was  verified  by 
several  models  and  newly  developed  analysis  methods. 

The  basic  fluidized  specific  properties  of  the  furnace  was  evaluated  on  the  basis  of  a  1/5  scaled  model 
experiment.  The  fluctuating  load  on  the  in-bed  tubes  was  evaluated  by  an  actual-sized  model.  It  was  confirmed 
that  the  fuel  dispersion  is  good  enough  for  better  combustion  performance  in  the  actual  furnace. 
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The  double  tube’s  headers  to  the  gas  turbine  inlet  structures  were  adopted  so  that  compressed  air  and  gas  are 
able  to  flow  separately  through  them.  The  maintainability  and  assembling  procedure  of  the  structures  were 
confirmed  by  a  mock-up  of  the  gas  turbine  inlet  structures  and  gas-turbine  casing. 


ISC  :  first  cyclone;2SC:  second  cyclone;  BM-Tank:bed  materials  storage  tank;  LO  :  light  oQ; 
CWP:  coal  water  paste  (coal  -i-  limestone  +  water);  M:  motor;  C:  compressor;  T:  turbine 
GTG:  gas  turbine  generator;  BCP:  boiler  circulating  pump 

Fig.  4  Main  flow  chart  for  the  Osaki  PFBC  plant 


Fig.5.  A  High-temperature  gas  pipe  for  the  Osaki  PFBC  plant 


The  high-efficiency  cyclone  was  chosen  instead  of  the  ceramic  filter  since  high-efficiency  cyclone  is 
indispensable  for  the  gas  turbines  which  are  to  be  operated  for  a  long  term.  The  efficiency  of  the  cyclone  was 
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confirmed  by  an  actual-sized  model  test  using  actual  PFBC  boiler  ash.  The  cyclone  for  the  Osaki  PFBC  plant  is 
a  two-stage  system  with  twelve  multi-cyclones.  The  efficiency  of  the  multi-cyclones  was  verified  in  a  1/5  scaled 
model  test  by  comparing  its  result  to  the  efficiency  of  a  single  cyclone. 

The  internally  heat-insulated  single-wall  pipings,  of  2540mm  diameter  applicable  to  a  high-temperature 
environment  was  adopted.  The  multi-cyclones  located  outside  the  pressure  vessel  requires  more  space  for  the 
high-temperature  gas  pipings.  Several  actual  high-temperature  gas  piping  models  verified  their  reliability  and 
non-existence  of  undesirable  hot  spots.  An  example  of  their  models  is  shown  in  Fig.5. 

2.3  IGCC  Power  Generation 

In  IGCC  power  generation,  a  syngas  consisting  mainly  of  carbon  monoxide  is  refined  and  used  as  the  fuel  for  a 
gas  turbine  for  combined  power  generation.  The  characteristics  of  the  individual  system  components  are  as 
follows. 

In  coal  gasification,  either  air  or  oxygen  can  be  used  as  the  oxidizing  agent,  although  the  development  of 
systems  using  oxygen  is  now  advancing  faster.  Since  syngas  contains  dust  and  impurities  which  are  harmful  to 
the  downstream  equipment,  it  needs  to  be  refined.  This  is  also  important  from  the  viewpoint  of  controlling 
environmental  pollution.  As  a  means  to  refine  syngas,  attempts  have  been  made  to  develop  a  hot-gas  refining 
technology.  Since  this  technology  has  not  yet  been  completed,  it  is  feasible  to  use  the  wet-type  gas  refining 
process  which  is  already  employed  in  chemical  plants. 

In  the  wet-type  gas  refining  process,  dust  is  first  removed  and  then  the  syngas  is  washed  for  desulfurization. 
From  the  viewpoint  of  minimizing  the  heat  loss  in  wet-type  gas  refining,  an  oxidizing  system  using  oxygen  is 
more  advantageous  than  an  oxidizing  system  using  air  because  it  allows  for  the  reduction  of  the  syngas  flow 
rate. 

The  lower  part  of  the  gasifier  is  held  at  a  high  temperature  for  the  molten  slag  to  fall  to  the  bottom.  The  upper 
part  of  the  gasifier  is  cooled  by  recycled  gas  to  lower  the  syngas  temperature,  in  order  to  prevent  the  char  from 
sticking  to  the  wall,  heat  exchanger,  or  other  internal  components.  Hitachi  has  developed  an  ingenious  system  to 
further  reduce  the  flow  rate  of  recycled  gas.  In  this  system,  the  oxidizing  agent  is  supplied  in  two  stages,  the 
lower  stage  for  melting  slag  and  the  upper  stage  for  gasifying  coal  and  lowering  the  gas  temperature  as  shown  in 
Fig.  6.  Since  the  calorific  value  of  syngas  is  relatively  low  (about  10,460  kJ/Nm^),  the  gas  turbine  requires 
bleeding  to  maintain  a  proper  balance  of  flow  rate.  In  the  air  separation  unit,  the  high-pressure  bleed  air  is 
separated  into  oxygen  and  nitrogen.  The  oxygen  is  fed  into  the  gasifier,  and  the  nitrogen  into  the  turbine,  where 
the  nitrogen  is  also  effective  for  reducing  the  emissions  of  NOx.  Thus,  an  integrated  system  is  effective  for 
improving  the  efficiency  of  IGCC  power  generation. 


Upper  stage:  lean  oxygen 


Slag 


Tempcraiiirc  (**C) 


Fig  6  Concept  of  a  single-chamber,  two-stage  gasifier 


At  Hitachi,  the  serious  development  of  a  coal  gasifier  began  with  the  testing  of  the  HYCOL  (Hydrogen-from- 
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Coal  Process  Development)  gasifier  (coal  feed  rate:  50  t/d)  at  Sodegaura  from  1988  through  1993.  The  gasifier 
was  operated  continuously  for  1000  hours  on  a  stable  basis,  demonstrating  the  reliability  of  the  oxygen- 
oxidizing  system  [3].  With  respect  to  the  gas  turbine,  the  operating  tests  of  a  12.5-MW  unit  installed  at  the 
Nakoso  pilot  plant  were  studied  from  1985  through  1995.  Stable  combustion  with  a  fuel  of  low  calorific  value 
and  stable  operation  combined  with  bleed  air  (a  closed  system  in  which  gas  turbine  bleed  air  is  fed  into  the 
gasifier  and  the  fuel  generated  in  the  gasifier  is  returned  to  the  gas  turbine)  were  demonstrated  [4]. 

Hitachi  is  now  designing  and  constructing  the  EAGLE  plant  which  is  coal-gasification  pilot  plant  for  fuel  cells 
and  has  an  upgraded  version  of  the  HYCOL  gasifier  (coal  feed  rate:  150  t/d)  as  shown  in  Fig  7.  It  will  be 
commissioned  in  2000  under  the  direction  of  EPDC.  For  commercialization  of  large-scale  IGCC,  plant 
integration  technology  and  plant  reliability  shall  be  improved  and  established  by  promoting  demonstration  plant 
project  furthermore. 


Fig.  7  Conceptual  diagram  of  the  EAGLE  plant 
(Coal-gasification  pilot  plant  for  fuel  cell) 


3.  SUMMARY  AND  CONCLUSIONS 

Various  technologies  developed  for  coal-fired  thermal  power  generation  have  been  described.  On  the  one  hand 
the  demand  for  electrical  power  is  ever  increasing  whilst  on  the  other,  there  is  a  growing  demand  for  power 
generation  systems  which  are  environmentally  friendly.  From  the  viewpoint  of  the  location  of  power  stations, 
much  is  expected  to  thermal  power  generation  systems.  Since  LNG  is  less  costly  than  coal  at  present  the 
utilization  of  coal  is  not  necessarily  advantageous.  However,  diversifying  usable  fuels  is  necessary  from  the 
point  of  view  of  preventing  energy  risk.  Consequently  coal  is  expected  to  play  a  major  part  in  the  near  future. 
The  development  of  advanced  coal-fired  power  generation  technology  will  be  made  more  progress: 

(1)  The  use  plant  may  increase  its  steam  temperature  to  630-650“C  by  installing  the  new  12Cr  steels,  which 
satisfy  the  required  strength  at  elevated  temperatures  as  well  as  the  cost  performance.  The  USC  technology 
will  be  able  to  realize  the  most  reliable  and  less  expensive  thermal  power  generation  with  more  plentiful 
experience  and  larger  unit  capacity  for  twenty  or  more  years  than  before  on  the  basis  of  the  conventional 
and  established  PCF  thermal  power  generation  technology  even  with  the  FGD  (Flue  Gas  Desulferization) 
facility  which  is  the  expensive  and  inevitable  equipment  for  desulferization.  However,  the  net  thermal 
efficiency  of  the  USC  power  plant  can  not  exceed  41-42%  till  an  unpredicted  break-through  technology 
will  be  attained. 

(2)  The  PFBC  power  generation  plant  will  be  able  to  accomplish  high  reliability  and  performance  by 
promoting  the  various  tests.  The  PFBC  technology  without  the  FGD,  that  is,  direct  desulferization  in  PFBC 
boiler  using  limestone  will  be  needed  to  realize  more  reliability,  less  expensive  cost  and  larger  unit 
capacity  for  wide-spread  commercialization.  The  PFBC  technology  will  not  be  playing  a  major  part  in 


1720 


thermal  power  generation  in  Japan.  This  is  because  the  conventional  PCF  power  generation  will  be  able  to 
realized  almost  the  same  performance  as  the  PFBC  power  generation. 

(3)  The  IGCC  will  be  able  to  utilize  effectively  various  kinds  of  coals.If  the  reliability  and  cost 
competitiveness  of  the  IGCC  will  be  improved  in  the  future,  the  IGCC  will  prove  to  be  the  most  promising 
technology.  The  IGCC  technology  will  be  expected  to  play  a  major  part  in  the  thermal  power  generation 
after  approximately  2020  with  assumption  of  the  first  commercial  plant  for  operation  in  2010  in  Japan. 
This  is  because  the  IGCC  technology  will  have  the  higher  net  thermal  efficiency  of  44~48%  and  more 
flexibility  for  utilizing  low  grade-quality  coal  than  the  USC  and  the  PFBC. 

These  advanced  technologies  in  coal-fired  thermal  power  generation  will  extend  the  utilization  of  coal  energy 
and  improve  the  efficiency  of  energy  conversion  with  less  undesirable  emission  to  environment.  These  will 
contribute  to  make  coal-energy  more  affordable  and  available,  more  readily  usable  and  more  environmentally 
compatible. 
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ABSTRACT.  Pyrolysis  of  Chinese  high  sulfur  bituminous  coal  and  lignite  under  hydrogen-rich  gases  such  as 
real  coke-oven  gas  (COG)  and  synthesis  gas  (SG)  is  carried  out  at  pressures  of  0.1-5  MPa  with  heating  rate 
ranging  from  5-25  K/min  up  to  final  temperature  923K  in  a  fixed-bed  reactor.  The  results  are  compared  with 
those  in  pyrolysis  under  hydrogen  and  nitrogen.  Higher  pressure  and  slower  heating  rate  are  helpful  to  increase 
the  quality  and  quantity  of  tar  and  to  improve  the  removals  of  sulfur  and  nitrogen.  Compared  with 
hydropyrolysis  (HyPy)  at  the  same  total  pressure,  the  conversions  and  tar  yield  from  pyrolysis  with  COG  and  SG 
are  always  lower  than  those  from  HyPy,  but  the  yields  of  BTX  and  Desulfurizations  are  almost  equal.  At  the 
same  hydrogen  partial  pressure,  all  the  yields  of  tar,  BTX,  PCX  and  naphthalene,  and  desulfurization  from 
pyrolysis  with  COG  and  SG  increase  significantly  with  enhancing  unwanted  water.  The  results  reveal  that  there 
are  interactions  among  Hj,  CH^  and  CO  in  pyrolysis  under  COG  and  SG.  This  study  demonstrates  that  pyrolysis 
under  hydrogen-rich  gases  may  provide  a  possible  way  for  effective  conversion  of  high  sulfur  coal. 

1.  INTRODUCTION 

Coal  is  readily  available  and  abundant  source  of  energy  and  important  chemical  industry  materials.  About  75% 
of  total  energy  consumption  come  from  coal  in  China  and  80%  of  coal  are  consumed  by  combustion.  In  addition, 
about  30%  of  coal  reserves  are  high  sulfur  coal,  which  is  mainly  located  in  the  southwest  of  China.  Direct 
combustion  of  coal  without  any  treatment  has  caused  a  serious  pollution.  Low  efficiency  and  severe  pollution  are 
the  major  problems  for  coal  utiUzation  in  China.  Due  to  the  lack  of  resources  of  petroleum  and  natural  gas  ,  it  is 
an  important  subject  to  convert  coals,  especially  high  sulfur  coals,  cleanly  and  effectively  into  liquid  fuel  and 
SNG.  Hydropyrolysis  (HyPy),  i.e.,  pyrolysis  under  hydrogen  pressure,  can  remove  most  sulfur  in  coal  as  HjS, 
leaving  the  char  with  low  sulfur  content.  The  main  product  is  SNG  in  HyPy  operated  under  high  temperature, 
while  oil  under  mild  one.  Both  oil  and  SNG  have  huge  market  in  China.  The  main  problem  for  HyPy  is  use  of 
the  costly  pure  hydrogen.  The  possible  candidates  are  coke-oven  gas  (COG)  and  synthesis  gas  (SG).  In  China 
the  major  resource  of  town  gas  comes  from  coke-oven  and  there  are  many  chemical  fertilizer  plants  with  small 
scale,  which  are  spread  to  most  countries  and  most  of  them  will  be  closed  soon.  The  feasibility  study  of  coal 
pyrolysis  under  COG  instead  of  hydrogen  in  HyPy  showed  that  more  profits  can  be  obtained  when  the  pyrolysis 
plant  is  combined  with  coke-making  plant.  Thus,  pyrolysis  under  hydrogen-rich  gas  may  provide  a  new  way  to 
convert  coals,  especially  for  high  sulfur  coals,  more  cleanly  and  efficiently  into  oil  and  SNG.  In  this  paper  yields 
of  products  and  compositions  of  oils  from  pyrolysis  of  coal  under  real  COG  and  SG,  and  the  desulfurizations 
and  denitrogenations  are  investigated  in  detail  and  the  possible  synergetic  function  among  H^,  CH^  and  CO  is 
discussed. 


2.  EXPERIMENTAL 

Pyrolysis  experiment  was  carried  out  by  using  Chinese  Yanzhou  high  sulfur  bituminous  coal  and  Xianfeng  lignite 
in  a  fixed-bed  reactor  with  COG,  SG,  Hz  and  Nz  at  heating  rate  of  5-25K/min,  final  temperature  ranging  from 
773K  to  923K  and  pressure  range  of  0.1-5MPa.  Details  of  the  reactor  have  been  given  elsewhere[l].  The  coal 
was  ground  to  170-350  |im  and  the  analysis  was  given  in  Table  1.  The  compositions  of  real  coke-oven  gas  and 
synthesis  gas  were  given  in  Table  2. 


Xianfeng 

Yanzhou 


Table  1  Analysis  of  Coal 
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Table  2  Compositions  of  the  Reactive  Gas 


Hi 

CH4 

CO 

Ni 

CO2 

C2H4 

C2H6 

CsH^ 

H2S(ppm) 

COG 

60.9 

20.7 

6.9 

7.8 

1.8 

1.5 

0.5 

0.07 

32.0 

SG 

64.9 

2.4 

31.6 

0.5 

0.6 

— 

— 

-- 

The  main  components  of  oil  from  pyrolysis  of  Xianfeng  lignite  were  determined  by  GC/MS  and  the  contents  of 
sulfur  and  nitrogen  in  char  and  oil  obtained  from  pyrolysis  of  Yanzhou  coal  were  analyzed  by  Vario  EL 
Elemental  Analyzer  (Germany).  The  removals  of  sulfur  and  nitrogen  were  calculated  by  the  following 
expressions: 


Des.% 


S,  coal -S,  char 
S,  coal  I 


xlOO 


(1) 


Den.% 


N,  coal  -  Nj  char 
N,coal 


XlOO 


All  the  results  presented  are  expressed  in  weight  per  cent  of  coal  (daf). 

3.  RESULTS  AND  DISCUSSION 


(2) 


Qbt  Tar  Water 


Figure  1.  Effect  of  pressure  and  heating  rate  on  the  yields  of  products  from  pyrolysis  of  Xianfeng 
lignite  under  COG  (  Final  temperature:  923K) 

Influences  of  Pressure  and  Heating  Rate 

Effect  on  the  yields  of  products  and  compositions  of  oil.  The  yields  of  products  and  the  main  components 
of  oils  from  Xianfeng  lignite  pyrolysis  under  COG  at  pressures  of  0. 1  ~  5  MPa  with  a  given  heating  rate  of  5~25 
K/min  and  the  final  temperature  of  923  K  were  given  in  Figure  1  and  Figure  2.  It  can  be  seen  that  increasing 
pressure  and  decreasing  heating  rate  enhance  the  coal  conversion,  oil  yield  and  the  yields  of  BTX,  PCX  and 
naphthalene.  It  shows  the  same  conclusions  as  other  reports  about  the  effect  of  pressure  and  heating  rate  on 
hydropyrolysis  [2-4]  due  to  the  extending  of  hydrogenation  reaction. 
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Figure  2.  Effect  of  pressure  and  heating  rate  on  the  yields  of  main  compositions  of  tars  from 
pyrolysis  of  Xianfeng  lignite  under  COG  ( Final  temperature:  923K) 
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Figure  3.  Effect  of  pressure  and  heating  rate  on  the  desulfurizations  and  denitrogenations  in 
pyrolysis  of  Yanzhou  coal  under  COG  ( Final  temp.:  923K) 

Effect  on  the  desulfurization  and  denitroeenation  and  the  distributions  of  sulfur  and  nitrogen.  The 
desulfurizations  and  denitrogenations  and  the  distributions  of  sulfur  and  nitrogen  in  prodocts  from  pyrolysis  of 
Yanzhou  high  sulfur  bituminous  coal  under  COG  with  different  pressure  and  heating  rate  were  given  in  Figure  3 
and  4.  Increasing  pressure  and  decreasing  heating  rate,  the  desulfurizations  and  denitrogenations  are  improved, 
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the  sulfur  removed  is  mainly  transferred  into  gas,  sulfur  in  tar  is  almost  a  constant,  while  the  nitrogen  removed  is 
mostly  into  tar,  and  the  nitrogen  in  gas  weakly  changes  with  pressure  and  heating  rate. 
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Figure  4.  Distributions  of  sulfur  and  nitrogen  in  products  from  pyrolysis  of  Yanzhou  coal  under 
COG  with  different  Pressure  and  heating  rate  ( Final  temperature:  923K) 

Comparison  Among  Different  Reactive  Gases 
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Figure  5.  Yields  of  products  from  pyrolysis  of  Xianfeng  lignite  under  different  reactive  gases 
(Heating  rate:  5K/min  up  to  923K) 

Comparison  of  product  yields.  The  yields  of  products  from  pyrolysis  of  Xianfeng  lignite  under  different 
reactive  gases  at  the  same  total  or  hydrogen  partial  pressure  with  a  given  heating  rate  of  5K/min  up  to  final 
temperature  of  923K  were  given  in  Figure  5.  At  the  same  total  pressure(3MPa),  the  yields  of  char,  tar  and  water 
are  the  orders  of  Nj  >  COG  >  SG  >  Hj  ,  Hj  >  COG  >  SG  >  Nj  and  COG  >  SG  >  ,  respectively. 

Compared  with  hydropyrolysis  (HyPy)  at  the  same  hydrogen  partial  pressure  (3MPa),  in  coal  pyrolysis  with 
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5MPa  COG  and  SG,  the  yields  of  tar  increased.  However,  the  unwanted  water  obviously  increased  too.  All  of 
these  indicated  that  using  coke-oven  gas  instead  of  pure  hydrogen  in  hydropyrolysis  can  obtain  higher  tar  yields 
at  the  same  hydrogen  partial  pressure,  however,  the  total  conversion  and  tar  yield  are  always  lower  than  those 
from  hydropyrolysis  at  the  same  total  pressure.  It  shows  that  there  is  a  synergetic  action  among  Hj,  CH^  and  CO 
in  COG  and  SG  during  copyrolysis  with  coal,  and  the  action  leads  to  more  tar  and  water.  Perhaps,  the  interaction 
between  CO  and  H2  in  COG  leads  to  increasing  of  unwanted  water  from  coal  pyrolysis  with  COG[5]. 

Comparig^n  main  compositions  of  tar.  The  yields  of  main  compositions  of  tars  from  pyrolysis  of 
Xianfeng  lignite  under  different  reactive  gases  at  the  same  operating  conditions  as  Comparison  of  product 
yields,  were  showed  in  Figure  6.  At  the  same  total  pressure  (3f^a),  the  orders  of  yields  are  COG  >  Hj  >  SG  » 
Nj  for  BIX,  H2  >  SG  >  COG  >  for  PCX  and  COG  >  >  SG  »  for  naphthalene.  While,  the  yields  of 

BTX,  PCX  and  naphthalene  from  coal  pyrolysis  at  the  same  hydrogen  partial  pressure  are  always  the  order  of 
COG  (5MPa)  >  SG(5MPa)  >  HjCSMPa).  All  of  these  results  indicated  that  the  synergetic  action  among  H^,  CH^ 
and  CO  is  beneficial  for  the  yields  of  BTX  and  naphthalene  in  COG  and  for  PCX  yield  in  SG.  This  improved  the 
competitive  capability  of  the  new  process  of  co-pyrolysis  of  coal  with  hydrogen-rich  gas. 


Figure  6.  Yields  of  main  compositions  of  oils  from  Xianfeng  lignite  pyrolysis  with  different 
reactive  gases  (  5  K/min  up  to  923K) 

Comparison  of  desulfurization  and  denitrogenation  and  the  distributions  of  sulfur_and  nitroge^ 
Desulfurization  and  denitrogenation  in  pyrolysis  of  Yanzhou  high  sulfur  coal  under  different  gases  were  given  in 
Figure  7.  At  the  same  total  of  pressure  3MPa  ,  the  orders  are  <  COG  =  SG  =  for  desulfurization  and  N,  < 
COG  <  SG  <  Hj  for  denitrogenation.  Desulfurizations  and  denitrogenations  in  coal  pyrolysis  with  COG,  SG  and 
H2  are  about  20%  and  10-20%  higher  than  those  under  N^,  respectively.  At  the  same  hydrogen  partial 
pressure,  desulfurization  under  COG(5MPa)  is  about  4.5%  higher  than  that  under  (3MPa),  while  the 
denitrogenation  is  about  3.5%  lower. 

Table  3  showed  the  distributions  of  sulfur  and  nitrogen  in  products  from  pyrolysis  of  Yanzhou  coal  with  COG, 
SG,  H2  and  N2.  The  distributions  of  sulfur  in  char,  oil  and  gas  from  coal  pyrolysis  at  3MPa  under  hydrogen-rich 
gas'es(COG,  SG  and  H2)  are  about  20%,  10-12%  and  67-  70%  and  the  distributions  of  nitrogen  are  60-70%,22- 
29%  and  7-13%,  respectively.  The  results  indicated  that  the  distribution  of  sulfur  in  coal  pyrolysis  with 
hydrogen-rich  gases  is  mainly  in  gas  phase,  while  most  of  nitrogen  was  still  retained  in  char,  and  the  nitrogen 
removed  from  coal  is  mainly  into  oil.  Compared  with  pyrolysis  of  coal  under  hydrogen  -rich  gases,  in  coal 
pyrolysis  under  N2,  the  distrbutions  of  sulfur  and  nitrogen  in  char  are  always  higher,  and  they  are  lower  in  oil  for 
the  low  oil  yield.  All  of  these  results  demonstrated  that  nitrogen  is  much  harder  to  remove  than  sulfur,  and  the 
sulfur  even  in  heterocyclic  form  can  be  also  transfered  into  H2S  during  hydropyrolysis  of  Yanzhou  coal[6] 
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Figure  7.  Desulfurizations  and  denitrogenations  in  pyrolysis  of  Yanzhou  coal  under  different 
reactive  gases  ( 10  K/min  up  to  923K) 


Table  3  The  Distributions  (wt%,  daf)  of  Sulfur  and  Nitrogen  in  Products  from  Pyrolysis  of  Yanzhou 
_ Coal  with  Different  Gases  (10;ae/min,  up  to  650iae) _ 


Gases 

In  Char 

In  Oil 

In  Gas(diff.) 

N 

S 

N 

S 

N 

S 

COG(3MPa) 

70.3 

19.7 

23.0 

9.8 

6.7 

70.5 

COG(5MPa) 

62.9 

16.0 

29.0 

10.8 

8.1 

73.2 

SG  (3MPa) 

64.7 

19.7 

22.4 

10.2 

12.9 

70.1 

Ha  (3MPa) 

59.5 

20.5 

28.8 

12.2 

11.7 

67.3 

Na  GMPal 

79.3 

38.6 

9.6 

6.1 

11.1 

55.3 

4.  CONCLUSIONS 


The  results  reported  show  that  using  COG  and  SG  replace  pure  hydrogen  in  HyPy  can  get  more  tar  with  high 
light  oil  and  char  with  low  sulfur.  Co-pyrolysis  of  coal  with  hydrogen-rich  gas  is  a  competitive  process  in  China. 
However,  the  unwanted  water  is  also  high  in  this  process.  How  to  decrease  water  and  increase  water  will  be  the 
further  problem  in  this  process. 


ACKNOWLEDGMENTS 

Financial  support  by  New  Energy  and  Industrial  Technology  Development  Organization  (NEDO,  Japan),  the 
Shanxi  Foundation  of  Natural  Science  and  the  Shandong  Foundation  of  Natural  Science  is  gratefully 
acknowledged. 

REFERENCES 

1.  H.  Liao,  B.  Li,  and  C.  Sun,  J.  Fuel  Chem.Technol.  (Chinese),  1997, 25, 104 

2.  R.  Cypres,  W.  Mingels,  J-P.  Lardinois,  A.  Laudet,  and  H.  Masson,  Feasibility  Study  of  theHyPy  of  Coal', 
Commission  of  the  European  Communities  ,  EUR14110,  Luxembourg  1992 

3.  M.  Steinberg,  and  P.T.  Fallon,  Hydrocarbon  Proc.  1982,92 

4.  M.  Steinberg,  P.T.  Fallon,  and  M.S.  Sundaram,  Annual  Technical  Report  US  DOE/CH/  0016-1402, 
Brookhacen  National  Laboratory  1983,  953 

5.  C.J.  Lafferty,  S.C.  Mitchell,  R.  Garcia,  et  al.  Fuel, 1993,72,367 

6.  C.  Sun,  B.  Li,  and  C.E.  Snapy,  C.E.J.  Fuel,  Chem.  Technol.  (Chinese),  1997, 25,353 


1727 
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ABSTRACT.  This  paper  deals  with  an  experimental  study  on  the  influence  of  coal  quality  on  NOx  emission 
and  unbumed  carbon  in  flying  ash.  Chinese  lean  coals  (fixed  carbon  content  varied  from  50%-70%)  have  been 
fired  in  a  tangentially  full  scale  boiler  (300Mwe  power  unit,  1024tdi  boiler).  In  furnace  NOx  emission  and 
unbumed  carbon  in  flying  ash  concentrations  have  been  measured  synchronously  with  different  combustion 
condition.  Identical  trends  in  NOx  emission  as  a  function  of  coal  analysis  content  and  excessive  oxygen  content 
have  been  obtained.  NOx  emission  was  found  to  be  proportional  to  the  fuel  nitrogen  content  of  the  coals.  Coal 
quality  characteristic,  especially  fix  carbon  content  and  ash  content  have  been  studied  on  the  influence  of  boder 
burnout  performance.  A  relationship  has  been  found  between  operation  condition  and  unbumed  carbon  in  flying 
ash  content.  Additionally,  a  three-dimensional  mathematical  model  for  pulverized  coal  combustion  has  been 
developed  which  describes  coal  combustion,  including  volatile  devolatilization  and  char  burnout,  and  radiation 
heat  transfer  in  full  scale  furnace.  The  model  can  predict  the  levels  of  velocity,  temperature,  oxygen,  and  carbon 
in  ash.  It  can  predict  accurately  the  influence  of  coal  quality  on  combustion  status  in  the  furnace,  and  numerical 
simulation  is  more  useful  as  a  tool  to  investigate  the  influence  of  coal  type  on  furnace  performance  related  to 
differences  in  furnace  design. 


1.  INTRODUCTION 

The  influence  of  coal  quality  on  furnace  combustion  performance  has  been  investigated  experimentally  in  the 
past  [1-6].  Some  results  on  the  influence  of  coal  quality  on  carbon  in  ash  levels  and  NOx  formation  has  been 
found.  These  studies  are  almost  conducted  in  a  pilot  scale  furnace,  and  the  results  can  only  present  the  right 
trends.  A  comparison  of  coal  quality  influence  between  a  full  scale  and  a  pilot  scale  furnace  has  been 
investigated  with  considerable  success,  and  a  one-demensional  engineering  model  was  applied  [7].  This  model 
is  too  simple  to  predict  the  influence  of  coal  quality  on  the  temperature  profile,  NOx  formation  and  carbon  in 
ash  content.  Most  of  the  experiments  have  been  conducted  with  bituminous  coal  on  testing  furnace  performance. 
Although  low  NOx  burner  and  over  fire  air  (OFA)  are  introduced  in  the  furnace,  as  we  know,  the  NOx  emission 
content  of  the  furnace  fired  anthracite  or  lean  coal  is  higher  than  fired  bituminous  coal  relatively, 
experimental  research  to  investigate  the  influence  of  coal  quality  on  furnace  combustion  performance  is  crucial 
significance. 

2.  EXPERIMENTS 

The  experiments  have  been  performed  in  a  tangentially  fired  full  scale  boiler  and  a  pilot  scale  test  furnace.  A 
brief  description  of  the  test  facilities  is  given  below. 

Oingshan  Power  Station  Unit  12 

Qingshan  power  station  unit  12  is  a  300Mwe  tangentially  fired  boiler  with  a  large  furnace  of  11.76XlL858m 
diameter  and  53m  height.  A  wide  ranged  (WR)  burner  which  include  7  secondary  air  ports,  5  primary  au  ports 
and  2  tertiary  air  ports  is  arranged  on  each  comer  of  furnace.  The  original  designed  coal  is  Henan  lean  coal. 
Coal  is  ground  with  four  roller  mills  with  rotating  classifiers.  The  burner  arrangement  is  shown  in  Fig.l. 

Drop-'Dibe  Furnace  .  . 

Drop-tube  furnace  is  800mm  long,  40mm  internal  diameter.  The  primary  air  ratio  is  10%.  The  secondary  air  is 
heated  to  573k  by  electric  preheater  and  then  blow  into  furnace.  The  temperature  in  the  combustion  region  of 
furnace  is  1423k,  and  the  particle  residence  time  is  around  1.5s.  The  burner  is  located  at  the  top  of  the  furnace 
and  fires  downward. 
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A,B,C,D,E  :  the  primary  air  port ;  AA,AB,BC,CD,DE,EE,FF  :  the  secondary  air  port; 

F,G  :  the  tertiary  air  port 

Figure  1  The  burner  arrangement  of  Qingshan  boiler 

Two  coals  were  tested  in  both  full  scale  furnace  and  the  pilot  scale  test  rig.  The  results  of  the  ultimate  analysis 
and  size  analysis  are  given  in  Table  1. 


Table  1  Coal  ultimate  analysis  (wt%)  on  dry  basis  and  size  analysis 


coal 

type 

C 

H 

0 

N 

S 

Moisture 

ash 

heating 

value(kJ/kg) 

R90 

1 

74.17 

3.19 

1.15 

1.47 

0.50 

19.24 

13% 

2 

62.66 

2.80 

2.79 

1.08 

0.47 

29.48 

20820 

14% 

A  brief  description  of  the  test  program  in  the  power  plant  and  pilot  scale  test  rig  is  given  below. 

(1)  The  above  two  coals  were  supplied  to  the  power  plant  and  the  test  rig  in  order  to  test  the  relationship 
between  coal  type  and  combustion  performance.  The  secondary  air  flow  was  varied  to  study  the  influence  of 
combustion  condition  on  the  NOx  emission  and  unbumed  carbon. 

(2)  During  all  the  measurements,  NO,  NO2  and  O2  concentrations  were  monitored  continuously.  Flying  ash 
were  withdrawn  from  the  furnace  exit  by  a  water-cooled  solids  sampling  probe. 

3.  RESULTS  AND  DISCUSSION  OF  EXPERIMENTS 
Characteristic  of  Nitrogen  Oxide  Formation 

The  influence  of  coal  quality.  Figure  2  shows  the  NOx  emission  as  a  function  of  coal  type  in  the  two  test 
furnaces.  It  is  necessary  to  state  that  the  operation  condition  of  qingshan  unit  is  100%  continuous  maximum 
ration  (CMR)  during  the  experiments.  The  result  discussion  is  given  below; 

(1)  The  data  show  that  combustion  of  the  coal  type  1  results  in  the  highest  amount  of  NOx  followed  by  the  coal 
type  2.  The  difference  of  NOx  emission  between  the  coal  type  1  and  2  can  be  explained  by  the  higher 
nitrogen  content  of  the  coal  type  1  if  the  influence  of  ash  content  on  combustion  process  can  be  ignored 
under  the  condition  of  burnout  completely.  The  coal  nitrogen  is  evolved  and  oxidized  to  NOx  when  it  is 
mixed  with  the  secondary  air.  It  is  reasonable  that  a  larger  fraction  of  the  coal  nitrogen  results  in  higher  NOx 
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mixed  with  the  secondary  air.  It  is  reasonable  that  a  larger  fraction  of  the  coal  nitrogen  results  in  higher  NOx 
emission.  An  increase  from  1.0  wt%  coal-N  to  1.5  wt%  resulted  in  about  150mg/m  more  NOx  being 
produced.  Good  agreement  has  also  been  obtained  between  the  NO  concentrations  and  the  coal-N  content  by 
Chen  et  al.  Who  investigated  48  coals  and  concluded  that  an  increase  from  1.0  wt%  coal-N  to  2.0  wt% 
resulted  in  roughly  50%  more  NOx  being  produced  [8]. 

(2)  Because  of  lower  temperature  (1423k)  and  shorter  residence  time  (around  1.5  s),  the  NOx  formation  of  the 
drop-tube  furnace  is  lower  relativity.  Both  power  station  and  pilot  scale  test  rig  show  the  same  trend  in  the 
NOx  concentration  with  coal  type. 

(3)  The  pulverized  coal  (PC)  air  flow  is  injected  into  furnace  with  dense  and  dilute  coal-air  jets  when  a  WR 
burner  is  adopted  in  qingshan  unit.  A  WR  burner  may  improve  performance  of  ignition,  stabilize 
combustion  and  reduce  NOx  emission.  The  prince  of  low  NOx  formation  with  WR  burner  is  similar  to  air 
staged  combustion.  The  staged  combustion  may  decrease  in  the  oxygen  concentration  in  the  early  stage  of 
combustion,  and  make  the  main  combustion  region  in  a  condition  of  fuel-rich.  This  may  lead  to  lower 
combustion  intensity  and  decrease  in  peak  value  of  temperature.  The  coal-N  may  decompound  to  HN,  HCN, 
CN  and  NH;  et  al.  which  can  compound  each  other  and  reduce  NO  to  N2  in  the  fuel-rich  combustion  region. 
The  formation  of  thermal-NOx  and  fuel-NOx  may  decrease  remarkably  as  a  result. 

The  influence  of  excess  air.  Figure  3  shows  the  relationship  of  O2  levels  and  NOx  concentration.  The  data 
show  that  NOx  emission  increase  initiative  and  then  decrease  slightly  along  with  the  increase  of  excess  oxygen. 
The  phenomenon  may  be  explained  below.  The  amount  of  oxygen  supplied  increase  on  the  region  of 
combustion  with  the  higher  amount  of  air  blowing  into  the  furnace.  This  may  enhance  the  combustion  intensity 
and  result  in  a  high  flame  and  furnace  temperature.  Local  high  temperature  and  sufficient  oxygen  may  not  only 
produce  high  amount  of  thermal-NOx  formation  but  also  provide  oxidizing  conditions  for  coal  nitrogen 
transforming  to  fuel-NOx.  But  the  furnace  temperature  on  the  combustion  region  may  decrease  if  the  amount  of 
excess  air  continuously  increase.  This  may  restrain  the  combustion  intensity  and  combustion  rate  and  result  in 
low  amount  of  thermal-NOx  formation.  In  a  word,  the  total  NOx  emission  may  increase  and  then  decrease  a  bit 
with  amount  of  excess  air. 
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Figure  2  The  relationship  of  coal  type 
and  NOx  emission 


and  NOx  emission 


The  unbumed  carbon  in  flying  ash  is  similar  when  coal  type  1  and  2  have  been  fired  in  qingshan  boiler  under  the 
same  operation  condition.  Figure  4  shows  the  unbumed  carbon  in  flying  ash  as  a  function  of  unit  load.  The  data 
clearly  show  that  the  unbumed  carbon  in  flying  ash  may  rise  gradually  when  the  operation  condition  of  boiler 
deviate  the  CMR.  It  show  that  qingshan  boiler  may  has  a  high  performance  of  burnout  when  the  coal  with  the 
high  ash  content,  low  heating  value  has  been  fired  and  unbumed  carbon  in  flying  ash  is  less  than  5%. 
Meanwhile,  it  also  state  that  the  influence  of  ash  content  on  performance  of  PC  particle  burnout  may  not  be 
remarkable  when  ash  content  is  less  than  30%  in  the  coal.  So  it  may  has  an  optimum  operation  condition  related 
to  the  coal  type  and  the  specific  combustion  device  used  to  ensure  high  combustion  efficiency  and  low 
pollution. 
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Figure  4  The  iinbumed  carbon  as  a 
function  of  imit  load 


4.  MATHEMATICAL  MODEL 


Gas  'Dirbulent  Flow 

The  k-e-g  turbulence  model  is  used,  the  gas  phase  conservation  equations  in  three  dimensions  can  be 
expressed  in  following  form: 


d  3  0(1) 

—(pu.<p)  =  — (r,  ^) + + Sj 
ox-  OX;  dX;  t 


here,  <t)  represents  gas  velocities  Uj,  species  mass  fractions  f,  enthalpy  h,  kinetic  energy  of  turbulence  k  and  its 
dissipation  rate  e,  and  square  root  of  pulsation  g,  etc..  S,(,  is  the  source  term  in  the  gas  phase  and  Sp,),  is  the  source 
term  due  to  the  particle  phase.  F,;,  is  dissipation  coefficient.  The  source  terms  and  exchange  coefficients  used  are 
shown  in  Table  2. 


Table  2  The  source  terms  and  exchange  coefficients 


<t) 

r. 

S. 

Spo, 

1 

0 

0 

0 

Ui 

Me 

dp  d  ^  9uj 

T^+Pgi  +^(lie-J^) 
dx  i  dX;  dXj 

k 

Me/0.9 

Gk  -pe 

0 

e 

Me  /1. 22 

(1.44G^  -1.92pE)— 
k 

0 

f 

Me  /0.7 

0 

dm  p 

dt 

g 

Me  /0.7 

-2pgf +  2.8(ie(|^)' 

k  dXj 

0 

h 

Me/0.7 

-Qr 

Here,  G  ^  ‘ 


du ,  9u  j 

- >-+ - - 


B  X 


3  X  j 


du,  3uj  ') 


3x 


3  x 


+  G 


Gb  =(Ui/0.7)(g/p)Op/az),  p,  =c,pk"/e  ,  C,,=0.09 
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Here,  M-e  is  effective  viscosity,  +1^  .  is  turbulent  flow  viscosity,  is  laminar  flow  viscosity. 

G represents  turbulence  generation  term. 

Particle  Dynamics  Equation 

This  program  accurately  models  the  particle  trajectories  in  a  furnace  by  a  stochastic  method.  The  turbulent 
velocity  is  determined  by  making  a  random  selection  from  the  probability  density  function  of  velocity.  Based  on 
the  Lagrangian  approach,  each  particle  size  class  is  tracked  through  the  gas  field,  and  particle  random 
trajectories  and  changing  process  are  calculated.  The  particle  momentum  equation  is: 

du  „  II 

m  p  — —  =0.5Cj5PgAp(Uig  — Uip)|uig  —  Uipj+nipgj. 

Ujp  and  Uig  are  instantaneous  velocity  of  particle  and  gas.  is  particle  mass.  Pg  is  local  density  of  gas. 
Ap  is  particle  surface  area,  gk  is  gravity,  is  the  resistance  coefficient  and  is  a  function  of  Reynolds 
number. 

Pulverized  Coal  Combustion  Model 

Devolatilization  and  combustion  of  the  volatile  takes  place  in  the  gas  phase  through  heating  of  the  particle.  The 
remaining  char  particle  subsequently  burnout  at  a  chemical  or  diffusion  controlled  rate. 

The  particle  devolatilization  is  modeled  by  considering  a  pair  of  parallel  first  order  reactions; 

(raw  coal)  — ^^(1  -  Y,  )(char)  +  Yj  (volatiles) 

(raw  coal)  — ^^(1  -  Yj  )(char)  +  Y^  (volatiles) 


These  two  reactions  are  competitive,  and  the  reaction  rate  coefficient  kj  and  ^2  are  given  by  Arrhenius 
expression.  So,  the  particle  devolatilization  rate  is 

■^  =  k,Y, +k2Y2 
dt  >'22 

Following  devolatilization,  char  burnout  is  controlled  by  the  rate  of  oxygen  diffusion  to  the  particle  and  the  rate 
of  chemical  reaction  at  the  surface.  The  mass  change  of  a  particle  due  to  char  burnout  is  given  by 


dMp 

dt 


Where,  the  overall  rate  is  given  by  the  combination  of  chemical  and  diffusion  rate  terms 
k,  =l/(l/kd  +l/kj 

Energy  Transport 

In  a  pulverized  coal  combustion  furnace,  heat  transfer  mainly  depends  on  thermal  radiation.  Discrete  Transfer 
(DT)  method  is  adopted  here  for  the  calculation  of  thermal  radiation.  This  method  bases  on  heat  flux  model 
solution  method,  and  combines  features  and  advantages  of  the  Zone  and  Monte  Carlo  model  solution  method. 
So  this  method  is  suitable  for  practical  application  to  projects. 
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The  fundamental  equations  for  the  thermal  radiation  may  be  expressed  as 


|=-(K,+K,+K.)I+^(K.T'+K,r)+ifldQ 

where,  I  is  the  radiant  intensity  in  the  direction  of  Q.  S  is  the  distance  in  the  Q  direction.  Ka  and  Kp  is  the  gas 
and  particle  absorbtion  coefficients.  Ks  is  the  particle  scattering  coefficient. 

For  pulverized  coal,  the  total  energy  balance  equation  can  be  expressed  as: 

—  (MpCpTp)  =  CpTp-^  +  Qp,  +Qp,  +Qpb 

where  Qpc.Qpr  and  Qpb  represent  heat  transfer  by  conduction,  thermal  radiation  and  chemical  reaction. 

5.  RESULTS  AND  DISCUSSION  OF  NUMERICAL  SIMULATION 

The  physical  models  outlined  above  have  adopted  in  the  3-dimensional  combustion  numerical  simulation  in  the 
furnace.  Figure  5  shows  the  distribution  of  temperature  at  plane  section  of  burner  B  (see  Fig.l)  under  the 
condition  of  CMR  in  qingshan  boiler,  and  Figure  6  shows  the  distribution  of  oxygen.  The  data  show  that  the 
program  can  simulate  accurately  the  condition  of  combustion  in  the  furnace. 


Figure  5  the  distribution  of  temperature  (CMR)  Figure  6  the  distribution  of  oxygen  (CMR) 

at  plane  section  of  burner  B  at  plane  section  of  burner  B 

The  unburned  carbon  in  flying  ash  can  be  predicted  when  the  practical  operational  parameters  have  been 
inputted  into  the  program.  Figure  4  shows  the  result.  The  data  show  that  the  trend  predicted  is  similar  to  the 
experimental  value.  It  fails  to  predict  the  influence  of  ash  content  on  burnout  of  PC  particle  because  the 
obstruction  of  ash  shell  to  char  burnout  has  not  been  take  into  account  in  volatile  devolatilization  model  and 
char  burnout  model.  But  it  can  predict  quantitatively  the  influence  of  volatile  content  on  contribution  of 
temperature  in  the  furnace  and  the  performance  of  char  burnout. 

As  we  know,  the  size  of  PC  particle  may  affect  remarkably  the  boiler  performance  of  combustion.  Figure  7  show 
the  relationship  of  PC  particle  size  and  unbumed  carbon  in  the  flying  ash. 
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Figure  7  Unburned  carbon  in  flying  ash  as  a  function  of  PC  particle  size 

6.  CONCLUSIONS 

1.  The  coal  quality  may  affect  remarkably  the  boiler  performance  of  combustion.  An  increase  from  1.0  wt% 
coal-N  to  1.5  wt%  results  in  about  150mg/m^  more  NOx  being  produced. 

2.  NOx  emission  increase  initiative  and  then  decrease  slightly  along  with  the  increase  of  excess  oxygen. 

3.  The  staged  combustion  may  reduce  significantly  the  NOx  emission.  A  WR  burner  may  improve 
performance  of  ignition,  stabilize  combustion  and  reduce  NOx  emission.  Meanwhile,  the  emission  of  NOx 
is  still  high  although  low  NOx  combustion  technology  has  adopted  in  the  boiler  fired  lean  coal. 

4.  The  result  of  experiments  show  that  the  influence  of  ash  content  on  performance  of  PC  particle  burnout 
may  not  be  remarkable  when  ash  content  is  less  than  30%  in  the  coal. 

5.  The  data  clearly  show  that  the  unbumed  carbon  in  flying  ash  may  rise  gradually  when  the  operation 
condition  of  boiler  deviate  the  CMR.  The  experiment  show  that  it  may  has  an  optimum  operation  condition 
related  to  the  coal  type  and  the  specific  combustion  device  used  to  ensure  high  combustion  efficiency  and 
low  pollution. 

6.  The  pilot  scale  test  rig  which  was  able  to  reproduce  qualitatively  the  NOx  emission  for  the  two  coals  is  a 
powerful  tool  in  the  prediction  of  NOx  emission  from  full  scale  boilers. 

7.  The  model  of  the  3-dimensional  numerical  simulation  of  combustion  can  predict  the  levels  of  velocity, 
temperature,  oxygen  in  the  furnace  and  carbon  in  ash  levels.  It  can  predict  accurately  the  influence  of  coal 
quality  on  combustion  status  in  the  furnace,  and  numerical  simulation  is  more  useful  as  a  tool  to  investigate 
the  influence  of  coal  type  on  furnace  performance  related  to  differences  in  furnace  design. 
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